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Most ecosystems are subject to multiple anthropogenic stressors acting simultaneously, 
impacting biodiversity across all levels from genotypes to ecosystems. Stressors may 
interact, resulting in non-additive effects that cannot be predicted from the effects of the 
individual stressors and can exacerbate the degradation of ecosystems and biodiversity 
loss. One of the greatest threats to freshwater biodiversity is agricultural intensification, 
with streams draining agricultural catchments impacted by elevated levels of nutrients, 
agricultural chemicals such as nitrification inhibitors, deposition of fine sediment on the 
stream bed and reduction in discharge and water velocity due to water abstraction for 
irrigation. For practical purposes, community measures and higher-level taxonomic 
groups are often the focus of studies assessing the impacts of stressors on stream 
ecosystems. This means key components of biodiversity are often overlooked. The use 
of genetic methods such as DNA barcoding and high-throughput sequencing may help 
overcome problems with morphological identification and allow the study of entire 
communities in their environment. Additionally, the use of species traits can provide 
insights into the mechanisms driving the effects on ecosystem functioning. 
To investigate the effects of stressors on stream ecosystems, I performed two surveys of 
43 streams sites in southern New Zealand spanning wide gradients of agricultural 
stressors (nutrients and fine sediment) in autumn and spring. General linear models and 
an information-theoretic model selection approach were used to examine stressor 
relationships with benthic algal taxa and traits (Chapter 3), and species of the important 
invertebrate bioindicator taxa Potamopyrgus and Deleatidium (identified using DNA 
barcoding) (Chapter 2). These surveys were followed by two field experiments in 128 
stream-fed outdoor mesocosms. The first investigated the individual and combined 
effects of the nitrification inhibitor DCD, along with nutrient enrichment and fine 
sediment on benthic algal taxa and traits (Chapter 4). The second experiment focused on 
mimicking dynamics in real streams where DCD concentrations peaked after rainfall 
events. Again, interactions of DCD with other stressors were examined, in this case 
nutrients, sediment and stream flow velocity. The individual and combined effects of 
these stressors on algal taxa and traits (Chapter 5) and benthic bacterial communities 
using high-throughput amplicon sequencing  (Chapter 6) were investigated.  
The results of the stream surveys indicated that nutrients and sediment were influential 
stressors for the algal community and the two invertebrate bioindicator taxa. Algae also 
 iv 
showed strong seasonal changes, with community composition changing significantly 
between the two sampling periods. Due to these seasonal differences and high 
variability of community composition between sites, algal traits tended to be a more 
useful tool than taxonomic composition for the investigation of stressor effects.  
With regard to the invertebrates, Potamopyrgus (consisting of a single species) showed 
positive relationships to nutrients and sediment, whereas Deleatidium abundance was 
unrelated to stressor levels when assessed at the genus level. However, Deleatidium was 
found to consist of 12 distinct genetically identified clades, with the three most 
abundant clades showing contrasting relationships to the stressors. These results 
indicate that species within a genus can differ substantially in their tolerance to stressors 
and respond in more complex ways than observed at the genus level, highlighting the 
benefits of including molecular techniques in ecological research. 
In the first experiment, sediment addition and nutrient enrichment (and their 
interactions) had pervasive effects on the algal community as expected. DCD, however, 
had relatively few and weak effects, despite experimental DCD concentrations 
including extreme levels above those found in real streams. In experiment two, which 
tested four stressors, sediment and flow velocity reduction had highly pervasive effects 
on the algal community. Nutrient addition was less pervasive, but effects were greater 
in magnitude and frequency than DCD. DCD addition applied at realistic concentrations 
and in realistic pulses, had fewer negative effects compared to the constant application 
and extreme concentrations tested in experiment 1. However algal communities in both 
experiments were affected by interactions between DCD and the other stressors, 
indicating that DCD could have negative effects on algal communities in streams 
impacted by multiple stressors. In contrast to the algal communities, the bacterial 
community in experiment 2 was strongly influenced by DCD. DCD is intended to target 
ammonium-oxidising bacteria in soil while having little effect on the overall bacterial 
community. For stream bacteria, however, DCD had the most pervasive effects on 
bacterial community evenness and prevalence of almost all common taxa. This was 
followed by sediment, then velocity reduction, whereas nutrient enrichment had 
surprisingly little effect. These results highlight the potential of threats by DCD to 
freshwater ecosystems. Stressor interactions, including synergisms and antagonisms, 
were found, indicating that interactions between these agricultural stressors need to be 
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Chapter 1 – General Introduction 
 3 
1 General introduction 
1.1 Landuse effects on freshwater ecosystems 
Freshwater is one of the most important natural resources in the world, with a 
disproportionally large part of global biodiversity inhabiting freshwater ecosystems 
(given the relatively small area of the Earth’s land surface covered by these ecosystems). 
While freshwater ecosystems are hotspots of biodiversity, they are severely impacted by 
human activities (Dudgeon et al., 2006; Strayer & Dudgeon, 2010). With the ongoing 
growth of the human population, there is increasing pressure or ‘stressors’ being placed 
on most natural ecosystems. In this context, a stressor can be defined as a variable that 
exceeds its range of normal variation as a result of human activity, and affects 
ecosystem structure and function (Townsend et al., 2008). Freshwater ecosystems are 
particularly vulnerable to anthropogenic stressors as they are highly influenced by the 
surrounding catchment land use (Allan, 2004). In particular, the intensification of 
agricultural land use has been identified as one of the greatest threats to freshwater 
biodiversity and associated ecosystem services worldwide (Vörösmarty et al., 2010). 
Stressors affecting agricultural streams include elevated inputs of dissolved nutrients, 
other agricultural chemicals and suspended or deposited fine sediment, and reductions 
in stream discharge and current velocity due to water diversion for irrigation (Niyogi et 
al., 2003; Matthaei et al., 2010; Wagenhoff et al., 2011; Wada et al., 2014).  
In New Zealand, dairy farming has intensified significantly over the past few decades, 
due to the increased profitability of dairy farming (Monaghan et al., 2007b). For 
example, the number of dairy cows in New Zealand has nearly doubled in the last 
decade from 3.8 million in 1994 to reach a record 6.7 million in 2014 (Statistics New 
Zealand 2014). By contrast, livestock numbers in the longer-established sheep and beef 
farming have decreased by 38 % and 26 %, respectively, in the same period. This land 
use change is an especially pressing issue in the Southland province of New Zealand, 
where the number of dairy cattle has increased dramatically from around 110,000 in 
1994 to 700,000 in 2014 (Statistics New Zealand 2014). Stocking rates have also 
increased, with average dairy herd size growing by 82 % during this period (Longhurst 
et al., 2000). This rapid conversion from low intensity sheep and beef farming to more 
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intensive (in terms of fertilizer and agrochemical use and livestock densities) dairy 
farming has been at the expense of the surrounding environment causing biodiversity 
loss and degradation (Foote et al., 2015).  
Along with the intensification of agriculture, the amount of water abstracted from 
streams and rivers for irrigation of agricultural land has increased (Leprieur et al., 2006; 
Larned et al., 2010; Wada et al., 2014). Water abstraction often leads to reduced stream 
discharge and consequently reductions in flow velocity and water depth (Dewson et al., 
2007). As a result of lower discharge, water temperatures are more influenced by 
ground water as well as air temperatures (Dewson et al., 2007). Furthermore, water 
abstraction is likely to become an increasing problem worldwide in future decades, with 
the effects being further exacerbated due to global climate change and the predicted 
effects causing reduced or more variable river flows (Jackson et al., 2001; Immerzeel et 
al., 2010; Steward et al., 2012). These effects on stream flow dynamics are important as 
the natural stream flow regimes have far-reaching effects on stream communities (Poff 
et al., 1997). Flow exerts a direct physical force on stream organisms, an example is 
shear stress effects on biofilm communities (Stevenson et al., 1996). Flow also affects 
stream organisms indirectly by influencing physicochemical variables, habitat 
availability and suitability (Dewson et al., 2007). Flow reduction results in increased 
water retention time in downstream reaches, as well as decreasing habitat availability 
and increasing sedimentation. Reduced flow velocity can also increase the substratum 
boundary layer thickness (Lemly, 1982), thereby decreasing the exchange of nutrients 
and oxygen between water column and biofilm (Stevens & Hurd, 1997; Eriksson, 2001; 
Battin et al., 2003). Although the particular mechanisms behind the observed impacts 
on specific stream ecosystems may be difficult to disentangle (Bunn & Arthington, 
2002), reduced flow velocities clearly have the potential to interact with, and potentially 
exacerbate, the negative effects of other agricultural stressors. 
Fine sediment (commonly defined as sediment particles < 2 mm; Zweig & Rabeni, 
2001) is a naturally occurring phenomenon in streams, with natural variability in flows 
moving and sorting both fine and coarse bed particles in cycles of erosion and 
deposition (Allan, 2004). However, poor land management practices associated with 
agricultural intensification can increase in-stream fine sediment levels due to stream 
bank instability from removal of riparian vegetation, trampling by animal stock and 
surface soil erosion (Wood & Armitage, 1997; Walling & Fang, 2003). High loads of 
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fine sediment have wide-ranging physical, chemical and ecological effects on stream 
ecosystems. Increased fine sediment inputs are known to greatly influence stream 
ecosystems through increasing turbidity, which reduces light availability, negatively 
affecting visual predators and primary production (and constraining photosynthesis to 
the upper levels of the water column) (Horner et al., 1990; Davies-Colley & Smith, 
2001; Berry et al., 2003; Izagirre et al., 2009). Fine sediment deposition influences both 
stream channel and bed morphology as well as characteristics. It can transform the 
streambed surface, possibly affecting habitat suitability for benthic organisms; in 
extreme cases, it can cover the entire bed, smothering pre-existing biofilms and 
hindering the attachment of periphyton (Brookes, 1986; Wood & Armitage, 1997; 
Hancock, 2002; Allan, 2004). Fine sediment can also directly alter the physical 
composition of the biofilm by increasing the inorganic component and thus reducing its 
quality as a food source for grazing stream invertebrates (Graham, 1990). Deposited 
fine sediment can also negatively affect macrophytes (Yamada & Nakamura, 2002), 
thereby influencing river hydrodynamics, food and cover for invertebrates and fish 
(Wood & Armitage, 1997; Cotton et al., 2006), as well as nutrient cycling and 
processing (Wood & Armitage, 1997). Effects on macroinvertebrates are also well 
researched (see review by Jones et al., 2012). For example, invertebrates may be 
directly affected through abrasion causing physical damage, clogging of gills and filter-
feeding structures making respiration and feeding difficult. Alternatively they may be 
indirectly affected through sediment decreasing habitat availability and suitability for 
some species (e.g. crevice-dwelling invertebrates) by infilling interstitial spaces and 
smothering the substratum, reducing food availability and quality, and food web 
changes. Fish populations can also be affected by high fine sediment loads, in that 
sedimentation influences food supply, behaviour, physiology, and habitat quality (see 
review by Kemp et al., 2011). 
With agricultural intensification, farmed pastures tend to receive higher inputs of 
nutrients (particularly nitrogen) to soils through urine deposition (de Klein & Ledgard, 
2005; van der Weerden et al., 2011), as well as through the increased use of 
ammonium-based fertilisers (Smith et al., 1999; Allan, 2004). Nitrogen in these forms is 
assimilated by plants (increasing pasture growth) and is also converted to nitrate by 
bacteria, through the process of nitrification (Subbarao et al., 2006; Di & Cameron, 
2012). However, nitrogen deposited in these forms is often present in excess of what 
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can be taken up by plants, resulting in superfluous nitrogen that can be easily lost 
through denitrification, volatilization or leaching (Ball et al., 1979; Monaghan et al., 
2007a). These losses lead to increased levels of the greenhouse gas nitrous oxide being 
released through denitrification (Subbarao et al., 2006; Di & Cameron, 2012). 
Furthermore, while ammonium is relatively immobile in soil, nitrate is mobile and 
therefore readily leached into waterways, thus increasing nutrient inputs to farmland 
streams leading to eutrophication (Smith et al., 1999; Subbarao et al., 2006; McDowell 
& Wilcock, 2008). Nutrient enrichment can have a strong influence on stream 
ecosystems, often resulting in a subsidy-stress response gradient (Odum et al., 1979; 
Horner et al., 1990). Low levels of nutrients tend to have positive effects by increasing 
primary productivity, with strong bottom-up effects on higher trophic levels through 
increased food availability (Biggs et al., 1998; Dodds, 2006). However, at a certain 
threshold, nutrient enrichment often no longer has further positive effects, and instead 
may have adverse effects (Biggs, 2000; Niyogi et al., 2007; Wagenhoff et al., 2011). 
These can be due to the extensive growth of thick periphyton mats affecting oxygen and 
light levels received by algae in lower layers of the biofilm and increasing periphyton 
sloughing (Carlton & Wetzel, 1988; Bouletreau et al., 2006), with resulting indirect 
negative effects on higher trophic levels. 
1.2 The nitrification inhibitor dicyandiamide 
Nitrification inhibitors are a useful tool for managing and conserving nitrogen in 
farmland soils. In New Zealand, dicyandiamide (DCD) was used increasingly as an 
effective nitrification inhibitor prior to its removal from the market in 2013 (Monaghan 
et al., 2007a; Wilcock et al., 2008). To reduce nitrogen losses from farmland as nitrate 
or nitrous oxide, DCD is applied to soils to slow nitrification, inhibiting the activity of 
ammonium-oxidising soil bacteria by deactivating the ammonium monooxygenase 
enzyme and thus blocking the conversion of ammonium to hydroxylamine (Moir et al. 
2007). Research on soil bacteria indicates that DCD specifically inhibits the target 
bacteria, with little impact on the rest of the bacterial community (Di et al., 2009; 
O’Callaghan et al., 2010; Morales et al., 2015). However, DCD is readily water-soluble 
(23 g/L at 13°C; Wilcock et al., 2008) and therefore may be leached into waterways 
draining farmland. Concentrations of 1 – 5 mg/L have been measured in two dairy 
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farming streams in the North Island of New Zealand (Figure 1.1, Matthaei et al., 2014). 
Furthermore, DCD itself contains organic nitrogen (formula C2H4N4). Therefore, DCD 
could have significant impacts on stream ecosystems, through its effects on ammonium-
oxidising bacteria and/or by enrichment effects caused by its decay products, (Wilcock 
& Sorrell, 2007; Smith & Schallenberg, 2013). Despite these concerns, no research on 




Figure 1.1. DCD concentrations (determined with HPLC) in two 1st order streams draining a 
dairy farm near Otorohanga, Waikato, in the North Island of New Zealand (R. Storey, NIWA, 
unpublished data; figure reproduced with permission from the report by Matthaei et al. 2014). 
Note that DCD peaks were lower in the stream on the right (which was mostly spring-fed). In 
both streams, DCD peaks lasted only for a few days shortly after DCD application to the 
catchment, followed by a rapid decline. However further, smaller DCD peaks occurred after 
rainfall events in both streams during the 4-6 weeks after DCD application. 
1.3 Multiple stressors in freshwater ecosystems 
Most present-day ecosystems are subjected to multiple stressors acting simultaneously 
(Crain et al., 2008; Jackson et al., 2016; Nõges et al., 2016). These stressors may 
interact in additive or in complex (non-additive) ways, where responses to the combined 
effect of multiple-stressors may be larger (synergistic) or smaller (antagonistic) than 
one would predict based on the individual stressor effects involved (Folt et al., 1999). 
Due to these so-called “ecological surprises” (Paine et al., 1998), it is often inaccurate 
to predict ecological responses based on single-stressor studies. In order to understand 
complex responses to multiple stressors, the interactions between stressors need to be 
investigated. Despite having been highlighted over 15 years ago (Breitburg et al., 1999; 
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Folt et al., 1999), understanding these often overlooked multiple-stressor effects is still 
seen as one of the most pressing challenges in ecology (see reviews by Crain et al., 
2008; Jackson et al., 2016; Nõges et al., 2016).  
Non-additive stressor effects are prevalent across different ecosystem types (e.g. 
Darling & Côté, 2008; Nõges et al., 2016). Studies in marine systems have revealed that 
synergistic interactions between stressors are common (Crain et al., 2008), indicating 
that the combined effects of multiple stressors are often worse than would be expected 
based on the single- stressor effects involved. For example, the ongoing degradation of 
the world’s coral reefs is being exacerbated through synergistic interactions between 
multiple stressors particularly irradiance and increased ocean temperatures (Ban et al., 
2014). Synergistic interactions between ocean acidification and temperature are 
common in marine ecosystems (Harvey et al. 2013), and early life stages of marine 
organisms are affected by interactions between temperature, salinity and pH, with 
synergistic interaction effects especially prevalent (65 %; Przeslawski et al., 2015). 
Non-additive interactive effects are also common in freshwater systems (Ormerod et al., 
2010; Staudt et al., 2013; Hering et al., 2015; Jackson et al., 2016; Nõges et al., 2016). 
Interacting multiple stressors can exacerbate the degradation of freshwater ecosystems 
and has been identified as an important driver of freshwater biodiversity loss (Jackson 
et al., 2016). Addressing these global problems requires understanding interactive 
stressor effects on structure and functioning of all key components of the affected 
ecosystems. 
In multiple-stressor research, several different approaches are commonly used to 
interpret the individual and combined effects of multiple stressors, including field 
surveys, laboratory experiments and multiple-stressor experiments in the field 
(Townsend et al., 2008). While field surveys offer the ability to observe the affect of 
stressors in a realistic setting, they are also being influenced by wide variety of 
uncontrolled factors beyond the stressors of interest. In contrast, laboratory experiments, 
offer a high degree of control allowing the effects of stressors to be measured directly, 
the unnatural setting means that it is difficult to extrapolate results to the real world. 
Multiple-stressor experiments performed in the field (e.g. field mesocosm experiments), 
offer the compromise between controlled and realistic conditions, although requiring 
more resources than in the laboratory. Often a combination of these approaches can help 
provide the best insight into multiple-stressor effects. 
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In New Zealand, nutrient enrichment and fine sediment have been shown to interact in 
complex ways to affect stream algal and invertebrate communities by several survey-
based studies (Townsend et al., 2008; Wagenhoff et al., 2011; Lange et al., 2014; Lange 
et al., 2016), stream reach-scale experiments (Matthaei et al., 2006; Townsend et al., 
2008; Riddle et al., 2009), experiments in longitudinal streamside channels (Matthaei et 
al., 2010; Piggott et al., 2012) and several mesocosm experiments (Wagenhoff et al., 
2012; Magbanua et al., 2013a; Magbanua et al., 2013b; Wagenhoff et al., 2013; Piggott 
et al., 2015b; Piggott et al., 2015d). By contrast, interactions with simulated water 
abstraction (e.g. flow velocity reduction) on stream invertebrates and algae have been 
studied less often. In particular, two experiments investigated the interactive effects of 
reduced current velocity with fine sediment and nutrient enrichment. In the first of these, 
a streamside channel experiment in New Zealand, Matthaei et al. (2010) found that 
interactive effects of reduced current velocity and increased fine sediment on 
invertebrate communities were common, often resulting in negative synergistic 
responses. By contrast, in the second study, a mesocosm experiment in Germany, 
interactive effects of reduced current velocity with fine sediment and nutrient 
enrichment were rare and mainly additive (Elbrecht et al., 2016). 
1.4 The use of functional indicators as bioassessment tools  
Currently, assessments of stream ecosystem health rely mainly on structural response 
variables such as community composition and diversity measures (Hering et al., 2006). 
These approaches, however, provide little insight into the mechanisms through which 
the stressors act. For this reason, the potential value of functional response variables, 
such as biological species traits, organic matter decomposition or ecosystem respiration, 
are increasingly acknowledged by ecologists (Gessner & Chauvet, 2002; Young et al., 
2008). The distribution of organisms is related to the specific traits that determine the 
habitat range of an organism. Therefore, study of biological species traits can provide 
insights into the mechanisms behind observed responses to stressors. Furthermore, 
species community composition is often highly variable across different regions, 
whereas by using a trait-based approach species can be grouped into functional 
categories, providing greater consistency in responses. Trait-based approaches are used 
widely in ecological research including terrestrial (Violle et al., 2007; Kraft & Ackerly, 
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2010; Díaz et al., 2013) and freshwater ecosystems (Townsend & Hildrew, 1994; Poff 
et al., 1997). In freshwater systems, functional trait-based approaches in fish (Blanck & 
Lamouroux, 2007; Frimpong & Angermeier, 2009; Mims et al., 2010) and invertebrates 
(Usseglio-Polatera et al., 2000; Gayraud et al., 2003; Bady et al., 2005; Poff et al., 
2006; Menezes et al., 2010; Lange et al., 2014), have been suggested as useful 
bioindicators, particularly in situations where multiple stressors are operating (Dolédec 
& Statzner, 2008; Townsend et al., 2008; Statzner & Bêche, 2010; Schinegger et al., 
2013). While there has been interest in extending trait-based approaches to benthic algal 
communities (Biggs et al., 1998; Passy, 2007b; Stevenson et al., 2010; Schneck et al., 
2011), a comprehensive trait-based framework for benthic stream algae was developed 
only recently by Lange et al. (2016). This trait-based framework incorporates 
morphological, physiological, behavioural and life-history traits relating to algal 
resource acquisition and resistance to disturbance.  
1.5 The use of molecular tools in ecology 
Although anthropogenic stressors negatively affect biodiversity across all taxonomic 
levels, often only effects on higher levels of biodiversity (e.g. high taxonomic levels or 
community measures genus, family or even order) are assessed, especially in long-term 
freshwater biomonitoring programmes (Stark & Maxted, 2007; Pilgrim et al., 2011; 
Sweeney et al., 2011; Jackson et al., 2014). This results in key components of 
freshwater biodiversity being overlooked. Traditionally, taxonomic characterisation of 
organisms has relied on their morphology; however, DNA-based species identification 
has become increasingly common in a wide range of applications from environmental 
management to food safety (Valentini et al., 2009; Taylor & Harris, 2012; Cristescu, 
2014). It is a particularly useful tool when morphology-based taxonomy is difficult or 
taxa are morphologically ambiguous, for example for freshwater bacteria and fungi as 
well as many freshwater invertebrate species. For freshwater invertebrates, 
morphological identification at the species level is time-consuming, costly and often 
highly unreliable due to misidentifications (Haase et al., 2006; Marshall et al., 2006; 
Haase et al., 2010). Even though financial costs of molecular methods are still greater 
than that of traditional morphology-based methods (Stein et al., 2014), they are 
increasingly being used to identify species in large and complex communities, 
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providing greater taxonomic resolution and often faster results. In addition, DNA-based 
species identification provides the ability to distinguish ‘cryptic’ species that lack 
morphologically distinctive characters at the larval or even at the adult stage (Cook et al. 
2008, Liu et al. 2003, Weiss et al. 2014). Such cryptic species can differ markedly in 
their ecological requirements and tolerances (Feckler et al. 2012, Obertegger et al. 2014, 
Wellborn and Cothran 2007). For example, it has been shown that even closely related 
species can have very different tolerances to stressors and fulfill quite different 
ecological functions (Cranston 1990, Feckler et al. 2012, Schmidt-Kloiber & Nijboer 
2004). Techniques such as high-throughput amplicon sequencing allow the study of 
entire microbial communities directly from their environment, producing large datasets 
with high taxonomic resolution that permit in-depth analyses of community 
composition and phylogenetic diversity (Cristescu, 2014). However, few studies have 
used these techniques to investigate multiple-stressor effects on freshwater invertebrates 
or bacteria, and manipulative experiments that allow identification of true causes and 
effects (Townsend et al., 2008) are still lacking completely. Molecular data can also 
provide phylogenetic information about within-species variation and the potential to 
investigate questions ranging from local adaptation to large-scale evolution (Pauls et al., 
2014).  
1.6 Thesis outline and aims 
The central aim of my thesis is to investigate the individual and combined effects of 
multiple agricultural stressors (the nitrification inhibitor DCD, nutrient enrichment, 
deposited fine sediment and reduced flow velocity due to water abstraction) on stream 
benthic communities, to determine: the relative strength and pervasiveness of stressors, 
mechanisms through which they are impacting stream ecosystems, and if complex 
interactive effects occur. Secondary aims were to examine the usefulness of molecular 
tools (for stream invertebrates and bacteria) and functional indicators (for stream algae) 
in this context. To address these aims, I conducted two field surveys followed by two 
experiments in outdoor stream mesocosms, resulting in five data chapters. The data 
chapters are formatted in a paper based style suitable for journal submission. As a result, 
there is some repetition of information in the data chapters, particularly the introductory 
and methods sections.  
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Chapter 2 – Molecular approaches have been shown to be useful for species 
identification, particularly when species cannot be reliably distinguished by their 
morphology yet may differ in their ecological preferences. In this chapter, I investigated 
stressor-response patterns of two macroinvertebrate bioindicator taxa (the mayfly 
Deleatidium and the snail Potamopyrgus) to gradients of nutrient enrichment and fine 
sediment using traditional morphology-based metrics (that only allow identification to 
genus level) compared with DNA-based methods. I tested for the presence of cryptic 
species in Deleatidium and Potamopyrgus using DNA barcoding and investigated 
whether cryptic species differed in their stress responses. 
Chapter 3 – Fine sediment deposition and nutrient enrichment have both been shown to 
have subsidy-stress effects on stream benthic algae; however, levels of these stressors 
are likely to vary seasonally, possibly leading to seasonal differences in the effects of 
the stressors on the algal community. I investigated the individual and combined effects 
of gradients of these two important agricultural stressors on benthic algal communities 
across two seasons. I also tested the trait-based framework developed by Lange et al. 
(2016) to determine whether algal species traits were more useful in detecting multiple-
stressor effects and more robust against seasonal changes than community- or taxon-
level variables. 
Chapter 4 – The nitrification inhibitor dicyandiamide (DCD) has been used as a tool to 
conserve on-farm soil nitrogen. However, DCD is readily soluble and leached from 
soils and the effects of DCD on streams draining agricultural catchments are still largely 
unknown. In this chapter, I used a mesocosm experiment to determine the individual 
and interactive effects of DCD, fine sediment and nutrient enrichment on stream benthic 
algal communities. DCD treatments covered a wide range of concentrations including 
some very high levels, simulating a “worst-case scenario” of sustained runoff into a 
farmland streams shortly after DCD application. 
Chapter 5 – In this chapter, I focused on the effects of realistic DCD leaching dynamics 
(in terms of peak concentrations and pulse durations) on stream benthic algae in 
combination with fine sediment, nutrient enrichment and the additional stressor of flow 
velocity reduction. This experiment was also the first study manipulating four 
agricultural stressors (DCD, fine sediment, nutrient enrichment and flow velocity 
reduction) simultaneously in a fully crossed experimental design.  
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Chapter 6 – In my final data chapter, I focused on the bacterial community (measured 
using high-throughput amplicon sequencing) and the individual and combined effects of 
DCD, fine sediment, nutrient enrichment and flow velocity reduction. Bacterial 
community data were derived from the same experiment as in Chapter 5. I investigated 
the relative effects of the four stressors and evaluated which taxonomic resolution 
(phylum, order, genus or OTU) was best for studying multiple-stressor effects. 
The final chapter of my thesis, the General Discussion (chapter 7), integrates the 
findings of my five data chapters. Here I evaluate the overall impact of the four 
stressors (DCD, fine sediment, nutrient enrichment, flow velocity reduction) and their 
interactions on invertebrate, algal and bacterial communities, and discuss the use of 
algal functional traits and molecular tools in freshwater research.  
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2 Multiple stressor effects on stream invertebrates: DNA barcoding 
reveals contrasting responses of cryptic mayfly species  
2.1 Summary 
Most freshwater ecosystems are subject to multiple anthropogenic stressors, which 
commonly reduce biodiversity across all levels. Existing freshwater bioassessment 
programs aim at identifying responses of aquatic biota to stressors. For practical reasons, 
higher-level taxonomic groups (e.g. genus or family) are often used in these programs. 
This approach, however, may bias assessment results as different species can differ 
substantially in their biological traits, thus emphasising the need for species-level data. 
DNA barcoding can reliably generate species-level data for animals by sequencing a 
fragment of the mitochondrial cytochrome c oxidase subunit I gene (COI). This allows 
investigating species-specific responses to environmental stressors. In this study, 43 
stream sites were sampled in southern New Zealand spanning wide gradients of 
agricultural stressors (fine sediment and nutrient levels). First, conventional 
morphological assessment was used to determine stream invertebrate responses to the 
stressors, focusing on two important indicator taxa, the mayfly Deleatidium and the 
snail Potamopyrgus. Then the presence of cryptic species in Deleatidium and 
Potamopyrgus was tested for using DNA barcoding of the COI gene for 520 and 305 
specimens, respectively. While all Potamopyrgus specimens belonged to a single 
species, Deleatidium consisted of 12 distinct genetically identified clades that likely 
represent distinct species. Finally, stressor responses assessed at genus and species level 
were compared. While overall Deleatidium abundance was unrelated to stressor levels, 
some of the individual clades differed clearly in the magnitude and direction of their 
responses to nutrient and sediment stress. While the most abundant cryptic Deleatidium 
clade (clade 1) showed no relationship to sediment or nutrient levels, clades 2 and 3 
responded negatively to nutrient or sediment increases, respectively. These contrasting 
patterns indicate that individual freshwater invertebrate species, often merged to a 
higher-level group for biomonitoring purposes, can differ substantially in their tolerance 
to stressors and respond in more complex ways than observed at genus level. The 
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results of this chapter highlight the considerable potential and importance of including 
DNA barcoding into freshwater ecosystem assessment and biomonitoring programs. 
2.2 Introduction 
Freshwater ecosystems are hotspots of biodiversity (Dudgeon et al., 2006; Strayer & 
Dudgeon, 2010). Although only 0.008 percent of the Earth’s water is non-saline 
freshwater in rivers, lakes and swamps (Gleick, 1993), a large part of global 
biodiversity is directly dependent on this resource. Many freshwater ecosystems, 
however, are subject to multiple anthropogenic stressors that negatively affect 
biodiversity across all levels. In particular, the ongoing intensification of agricultural 
land-use is one of the greatest threats to freshwater biodiversity and associated 
ecosystem services worldwide (Vörösmarty et al., 2010). To understand and counteract 
ecosystem degradation, many countries have initiated large biomonitoring programs 
that include the regular assessment of water and ecosystem quality by analysing the 
composition of the macrozoobenthic community, with particular focus on certain 
indicator taxa (Rosenberg & Resh, 1993; Wood et al., 2013). The data produced by 
such biomonitoring programs are important sources for identifying the impacts of single 
and multiple stressors on freshwater ecosystems (Stendera et al., 2012) and assessing 
the success of restoration programs (Winking et al., 2014).  
In most such bioassessments, the organisms found are determined at higher taxonomic 
levels than species, i.e. to genus, family or even order. The main reason for this is that 
identification of benthic freshwater invertebrates at species level is extremely time-
consuming and costly (Marshall et al., 2006). Moreover, species-level identifications 
are often highly unreliable due to misidentifications (Haase et al., 2006; Haase et al., 
2010). While higher-level taxonomy can often contain sufficiently robust information 
for bioassessment (Lenat, 1988; Defeo & Lercari, 2004; Kallimanis et al., 2012; 
Mueller et al., 2013), species-level data are beneficial as it has been shown repeatedly 
that even closely related species can have very different tolerances to stressors and 
different ecological functions (Cranston, 1990; Schmidt-Kloiber & Nijboer, 2004; 
Feckler et al., 2012). However, several freshwater taxa simply lack morphological 
diagnostic characters at the larval and even at the adult stage (so-called "cryptic 
species"; Liu et al., 2003; Cook et al., 2008; Weiss et al., 2014). Therefore, even expert 
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taxonomists cannot identify these species. Similar to non-cryptic species, these cryptic 
taxa can differ markedly in their ecological requirements and tolerances (Wellborn & 
Cothran, 2007; Feckler et al., 2012; Soucek et al., 2013; Obertegger et al., 2014; Fišer 
et al., 2015). This fact adds more weight to the argument that environmental 
assessments based on higher-level taxonomy are prone to errors (Schmidt-Kloiber & 
Nijboer, 2004). 
Molecular approaches can overcome the central problem of morphological species 
identification and delimitation of cryptic species, leading to higher taxonomic resolution 
in ecosystem assessments (Sweeney et al., 2011; Jackson et al., 2014). Furthermore, 
such genetic data can also provide information on intraspecific genetic diversity and 
therefore allow assessing the vulnerability and adaptability of populations under 
stressed conditions. For animals, sequencing of a fragment of the mitochondrial 
cytochrome c oxidase subunit I (COI) has proven to be highly successful for species 
identification ("DNA Barcoding", Hebert et al., 2003). This gene is broadly used by 
different consortia to catalogue the diversity of life (Ratnasingham & Hebert, 2007). 
Recently, it has also been proposed and tested for use in freshwater biomonitoring 
programs (Hajibabaei et al., 2011; Thomsen et al., 2012) and conservation 
(Sivaramakrishnan et al., 2014). Some recent studies on freshwater ecosystem quality 
and health, implementing molecular approaches, suggest that species identification 
using DNA barcodes may allow assessing the biodiversity and degradation of 
freshwater ecosystems in greater detail than classical approaches (Pilgrim et al., 2011; 
Stein et al., 2013; Jackson et al., 2014; Elbrecht & Leese, 2015). 
In this chapter, stress-response patterns of macroinvertebrate bioindicator taxa using 
traditional morphology-based metrics (that only allow identification at genus level) 
were compared with DNA-based methods. To address this aim, a large stream survey 
was conducted in the intensely farmed Southland region of New Zealand. I re-sampled 
43 stream/river sites previously surveyed by Wagenhoff et al. (2011) who assessed 
invertebrate responses to two important agricultural stressors, fine sediment and 
nutrients, based on community-level metrics and traditional assessment methods. 
Intensive dairy farming in Southland has increased considerably during the last few 
decades (Drewry & Paton, 2000; Foote et al., 2015), resulting in elevated levels of 
deposited fine sediment and dissolved nutrients in many streams and rivers (Williamson 
et al., 1992; Monaghan et al., 2007a). These stressors have been shown to negatively 
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affect invertebrate communities in streams worldwide (Ryan, 1991; Allan, 2004; 
Wagenhoff et al., 2011; Ramezani et al., 2014) and are expected to become an 
increasingly serious threat to stream ecosystem health in combination with global 
climate change (Piggott et al., 2015a; Piggott et al., 2015b; Piggott et al., 2015d).  
The survey design covered a gradient from relatively pristine to heavily degraded 
streams. The focus was on two key indicator taxa in New Zealand streams and rivers, 
the mayfly Deleatidium and the mudsnail Potamopyrgus. Mayflies of the genus 
Deleatidium are among the most abundant and widespread stream invertebrates in New 
Zealand and are seen as an important indicator taxon for good ecological water quality 
(Stark & Maxted, 2007). Sixteen species have been described, but the distribution range 
of many species is unknown and identification of both adults and larvae is challenging 
or impossible (Hitchings, 2010). Snails of the genus Potamopyrgus are equally 
abundant and regarded as good indicator organisms for organic pollution (Stark & 
Maxted, 2007). Both taxa are known to consist of several morphologically cryptic 
species (Towns & Peters, 1996; Haase, 2008; Hitchings, 2008; Hitchings, 2010), a 
common phenomenon in mayflies (Williams et al., 2006; Ståhls & Savolainen, 2008; 
Rutschmann et al., 2014) and snails (Wilke & Pfenninger, 2002; Pfenninger et al., 
2003; Weigand et al., 2011). It was hypothesised that:  
(i) Both Deleatidium and Potamopyrgus sampled in the survey consist of 
several unrecognized or cryptic species that can be reliably identified with 
DNA barcoding;  
(ii) The cryptic species unveiled by DNA barcoding differ in their ecological 
preferences and stress responses and, consequently, the responses observed 
at higher taxonomic levels may not be representative of individual species-
level responses. 
2.3 Methods 
2.3.1 Field sampling 
Forty-three stream sites (see Wagenhoff et al., 2011 for a detailed description) in the 
Southland province of New Zealand were sampled during a two-week period in April 
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2012. Stream order ranged from 2nd to 6th order and sampled stream reach length from 
5 to 50 m. Stream flows at all sites were largely stable for at least three weeks prior to 
the survey commencing and during the survey (Environment Southland 2012). 
Sampling sites were chosen to span the full range of agricultural land use intensities in 
the province (see Wagenhoff et al., 2011). At each site, the percentage cover of 
deposited fine sediment (< 2 mm) on the streambed was estimated visually using an 
underwater viewer following the protocol described in (Clapcott et al., 2011). 
Concentrations of total nitrogen and total phosphorus, dissolved ammonium and nitrate 
(summed as dissolved inorganic nitrogen, DIN) and dissolved reactive phosphorus 
(DRP) were determined from four replicate water samples per site following standard 
methods (APHA, 1998). The amount of suspendable inorganic fine sediment (SIS) was 
determined from five randomly collected samples per site using the Quorer method 
(Quinn & Cooper, 1997; Clapcott et al., 2011).  
Invertebrate samples were taken following a standard semi-quantitative kick-sampling 
method (Stark et al., 2001) using a D-shaped hand net (0.5 mm mesh). At each site, the 
streambed substratum was disturbed in ten locations of varying flow velocity via 
kicking for 30 seconds, thus standardising sampling effort per site. Samples were 
preserved in 70 % ethanol, transferred to 96 % ethanol after 2 – 6 days and stored at 
4 °C until further analysis.  
In the laboratory, samples were divided into eight equal portions using a rotating 
subsampler (Waters, 1969). A total of 300 invertebrates per sample were counted and 
identified to the lowest practical taxonomic level under a stereomicroscope 
(magnification 8 – 40 ×; Olympus SZ51, Olympus Corp., Japan). Further, entire 
samples were scanned for rare taxa and these were added to the combined number of 
taxa in the pollution-sensitive orders Ephemeroptera, Plecoptera and Trichoptera (EPT 
taxon richness) (Stark et al., 2001). The absolute abundances of Deleatidium spp. and 
Potamopyrgus spp. in each sample were calculated by extrapolating from the 
percentage of the sample in which 300 individuals were found to the total sample.  
QGIS (v. 2.4 “Chugiak”. QGIS Development Team, 2014) was used to create maps 
showing the location of sampling points in Southland. Maps were further processed 
with Adobe Illustrator (v. 16.0.0)  
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2.3.2 Molecular analyses 
For Deleatidium, DNA was extracted from 520 specimens (8 – 16 per site from 39 
sampling sites) using a salt extraction protocol (Sunnucks & Hales, 1996) (381 
specimens) and Chelex® 10 % (Bio-Rad) (139 specimens). For the Chelex® extraction, 
which accelerated the extraction process, tissue was incubated at 95 °C for 20 min in a 
thermocycler, vortexing thoroughly every 5 min. The samples were then centrifuged at 
13,000 × g for 1 min and stored at 4°C. For Potamopyrgus, DNA was extracted from 
305 snails from 41 sampling sites using the Qiagen DNeasy Blood & Tissue (24 
specimens) and DNeasy Plant Mini Kit (41 specimens), initially according to the 
manufacturer’s protocol (Total DNA from Animal Tissue/Purification of Total DNA 
from Plant Tissue, Qiagen, Hilden, Germany). However, due to low success rates in 
PCR reactions, for all remaining 240 specimens the Chelex® protocol was used as 
described above, which resulted in a 100% success rate in PCR.  
For the PCR, a 658-bp fragment of the barcoding gene COI was amplified using the 
following PCR protocol with HotMaster Taq: 1 x PCR buffer, 0.2 mM dNTPs, 1 µl of 
DNA template, 0.025 U/µl Hotmaster Taq (5 PRIME GmbH, Hilden, Germany), 0.5 
µM of primer. For Deleatidium, the primers LCO1490 and HCO2198 (Folmer et al., 
1994) were used. For Potamopyrgus, a new primer was redesigned based on the 
HCO2198 primer that was adjusted to SNPs found in that region in sequenced 
mitochondrial genomes of Potamopyrgus antipodarum (GenBank accession numbers 
GQ996416.1 - GQ996430.1): HCO_pot: 5’-TAT ACT TCT GGR TGT CCR AAA 
AAY CA-3’. The mix was filled up to 25 µl with sterile H2O and placed in a 
thermocycler for amplification. PCR settings for the COI amplification with Hotmaster 
Taq were: initial denaturation at 94 °C for 2 min; 36 cycles of denaturation at 94 °C for 
20 s, annealing at 46 °C for 30 s, extension at 65 °C for 60 s; final extension at 65 °C 
for 5 min. For the Illustra PureTaq Ready-To-Go PCR Beads (GE Healthcare), the PCR 
protocol was: 1 Illustra PureTaq Ready-To-Go- Bead, 1 µl of DNA template, 0.5 µM of 
each primer, filled to 25 µl with water. PCR settings were: initial denaturation at 94 °C 
for 2 min; 36 cycles of denaturation at 94 °C for 20 s, annealing at 46 °C for 30 s, 
extension at 72 °C for 60 s; final extension at 72 °C for 5 min. 
Since the COI gene is a mitochondrial gene and does not typically underlie 
recombination, a 343 bp fragment of the nuclear Histone 3 gene was sequenced for 40 
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specimens of Deleatidium representing all 12 COI clades to complement the COI 
dataset. PCR settings: 1 x PCR buffer, 0.2 mM dNTPs, 1 µl of DNA template, 0.025 
U/µl Hotmaster Taq (5 PRIME GmbH, Hamburg, Germany), 0.5 µM of each primer, 
HexAF and HexAR (Svenson & Whiting, 2004) was used. The mix was filled up to 25 
µl with sterile H2O and placed in a thermocycler for amplification. PCR settings for the 
H3 amplification were: initial denaturation at 94 °C for 2 min; 40 cycles of denaturation 
at 94 °C for 30 s, annealing at 54 °C for 30 s, extension at 65 °C for 60 s; final 
extension at 65 °C for 5 min. 
Before sequencing, 5 µl of the PCR products were purified enzymatically with 10 U of 
Exonuclease I and 1 U Shrimp Alkaline Phosphatase (Thermo Fisher Scientific, 
Waltham) by an incubation step at 37 °C for 15 min followed by a denaturation step at 
80 °C for 15 min. Bidirectional sequencing was performed on an ABI 3730 sequencer 
by GATC Biotech (Constance, Germany). 
2.3.3 Analysis of genetic data  
Raw reads were assembled using Geneious Pro 6.1.6 (Drummond et al., 2011) and 
manually checked for erroneous base calls. A multiple-sequence alignment was 
performed using MAFFT v. 7.017 (Katoh & Standley, 2013) (automatic algorithm 
selection, default settings) as implemented in Geneious. For Deleatidium, the alignment 
was cropped to a final length of 532 bp (COI) and 343 bp (H3) so that sequences of 
specimens were of equal length. For Potamopyrgus, the final alignment length was 627 
bp (COI). To further check sequences for possible sequencing errors or pseudogenes, 
we translated the COI alignment into amino acids using translation table 5 (invertebrate 
mitochondrial codon usage table) and the H3 alignment using translation table 1 
(Standard) to assure all codons translated correctly into amino acids without stop 
codons. jModeltest 2.1.2 (Darriba et al., 2012) was used to select the best model of 
evolution for analyses of the COI dataset (default settings). Genetic distances (K2P) 
were calculated using Mega (v.4; Tamura et al., 2007) Sequences were collapsed into 
haplotypes using the software Fabox (Villesen, 2007). Statistical parsimony haplotype 
networks (Clement et al., 2000) for both COI and H3 datasets were created with 
popART (v.1, http://popart.otago.ac.nz) with a 95 % connection limit (See appendix 
Figure A1). GenBank accession numbers are also provided in the Appendix. 
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To test for the presence of cryptic species in the Deleatidium and Potamopyrgus 
datasets, two species delimitation approaches were used: 1) a tree-based Generalized 
Mixed Yule Coalescent (GMYC) approach (Pons et al., 2006) and 2) a distance-based 
approach using an automated distance-based barcode gap determination (Puillandre et 
al., 2012). GMYC detects species in the dataset by identifying the switch from 
intraspecific branching patterns (coalescent) to typical species branching patterns 
(longer branches) on a phylogenetic tree (Pons et al., 2006; Monaghan et al., 2009). 
First, the likelihoods of the GMYC mixed model for the observed data are compared 
against the likelihood of the null model (single coalescent species) and significance 
assessed via log-likelihood ratio. If the null model is rejected, the single-threshold and 
multiple-threshold model are compared to test whether a single coalescent/speciation 
transition can be assumed for the tree. The better model is selected using a !2-test. The 
robustness of the GMYC approach has been supported in a simulation study, although 
results favouring the multiple-threshold model should be regarded with caution 
(Fujisawa & Barraclough, 2013). For the GMYC analyses, an ultrametric tree for all 
unique COI haplotypes was calculated for the Deleatidium / Potamopyrgus dataset 
using the BEAST v.1.8.0 package (Drummond et al., 2012). BEAST was run for 10 
million MCMC generations, sampling every 100th tree, using a standard coalescent 
model and the GTR + G sequence evolution model. Tracer v.1.6 (Rambaut et al., 2013) 
was used to test for effective sampling size (ESS) and convergence of parameters. A 
linearized consensus tree was calculated using TreeAnnotator v.1.8 (Rambaut & 
Drummond, 2013), discarding the first 2500 trees as burn-in. R v. 3.1.1 (R Core Team, 
2015) was used for analyses of the tree employing the package ‘SPLITS’ (Species Limit 
by Threshold Statistics) (Ezard et al., 2009) with both the single and multiple threshold 
model. SPLITS performs likelihood ratio tests for the existence of more than one 
species in the dataset and computes the most likely GMYC species number with 
confidence intervals. 
The programme ABGD (Puillandre et al., 2012) was used for the distance-based 
barcode gap determination approach. ABGD partitions the sequences into groups, 
ensuring that distances between two sequences from two different groups are larger than 
a given threshold distance (i.e. barcode gap, see Puillandre et al., 2012 for further 
details). The exact threshold values indicating the presence of more than one species in 
the dataset were unknown for both Deleatidium and Potamopyrgus. Therefore, the 
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default settings were chosen and ABGD was run using the K2P-model of distance 
correction (Kimura, 1980) typically used in DNA barcoding studies.  
Once the number of cryptic species or clades had been identified based on COI data, the 
abundance of each clade present at each sample site was extrapolated (absolute 
abundance x proportion of the clade present at the site) and clade richness, reciprocal 
Simpson’s diversity and evenness were calculated.  
To test whether species assemblages between sites with similar stress conditions were 
more similar, a phylogenetic estimator of beta diversity (the fraction of branch-length 
shared between communities at two sites) was calculated using the phylosor function 
from the ‘picante’ R package (Kembel et al., 2010) using a rooted phylogenetic tree. 
Phylogenetic distance was calculated using the dist.dna function in the ‘ape’ R package 
(Paradis et al., 2014). 
2.3.4 Analysis of stream physicochemical and invertebrate community data  
Suspendable inorganic fine sediment (SIS, Ln-transformed) was chosen as the sediment 
(SED) predictor variable since it is a biologically relevant in-stream habitat variable 
commonly related to benthic invertebrate community composition (e.g. Wagenhoff et 
al., 2011; Lange et al., 2014; Ramezani et al., 2014). A dimensionless composite 
variable of log TN + log TP was chosen as the nutrient predictor (NUT). This was 
found to be a useful way of combining nitrogen and phosphorus into a single nutrient 
predictor, similar to the index used by Niyogi et al. (2007). Both predictors were 
reasonably correlated with catchment land use intensity (using 'Percent annual runoff 
from pasture in each stream catchment' as a proxy, see Wagenhoff et al., 2011) (SED: 
R2 = 0.24, P = 0.001; NUT: R2 = 0.43, P < 0.001).  
Relationships between the biological responses and nutrient and sediment predictor 
variables were investigated using general linear models with model selection based on 
the small-sample unbiased Akaike Information Criterion (AICc) (Burnham & Anderson, 
2002). Response variables investigated were EPT richness, abundances of the two most 
common individual taxa (Potamopyrgus and Deleatidium), as well as clade abundance, 
richness, diversity and evenness and phylogenetic distance of any overlooked species 
within these two genera. Response and predictor variables were transformed where 
necessary and then centred (by subtracting the mean from each value) and scaled (with 
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two standard deviations) to improve interpretability and allow the use of regression 
estimates as effect sizes (Schielzeth, 2010). The global model included five predictor 
terms: nutrients (NUT), sediment (SED), their interaction (NUT×SED), and the second 
polynomial terms of nutrients (NUT×NUT) and sediment (SED×SED) (to detect non-
linear responses). Full sets of models were generated using the dredge function 
implemented in the ‘MuMIn’ package in R (Barton & Barton, 2014). The best-
performing models for each variable were determined using the criterion ΔAICc ≤ 2 and 
the ‘nesting rule’ where the selected models cannot be more complex than the highest-
ranked model (Richards et al., 2011). When more than one top model was retained, 
model averaging was used to produce one final model for each response variable and 
the coefficients of the final model were calculated using the ‘zero-method’ (Burnham & 
Anderson, 2002). Standardized partial regression coefficients were used to represent 
effect sizes (categorised as weak > 0.1 – 0.3, moderate > 0.3 – 0.5 or strong > 0.5; 
(Nakagawa & Cuthill, 2007) along with their 95 % confidence intervals (CIs). Only 
effect sizes ≥ 0.1 were considered to be biologically relevant, but terms with 
coefficients of < 0.1 were retained in cases where the corresponding interaction term 
was included in the final model.  
To assess whether sites with similar stressor conditions were more similar regarding 
their species composition, sampling sites were categorised into three fine sediment 
groups (Low < 50, Medium = 50 – 150, High > 150 g m-2 SIS, n = 12, 12 and 19 sites 
respectively) and three nutrient groups (Low = nutrient index of < 3.2, Medium = 3.2 – 
4.2, High > 4.2, n = 13, 15 and 15 sites respectively). One-way ANOVAs were then 
used to test for differences in clade phylogenetic beta diversity (fraction of branch-
length shared between two sites) between sites with different combinations of stressor 
levels (LL, LM, LH, MM, MH and HH). 
2.3.5 Geographic partitioning of genetic variation 
The software Arlequin (v. 3.11, (Excoffier et al., 2005) was used to compute FST values 
between populations for the three most abundant clades of Deleatidium found in the 
dataset as well as for Potamopyrgus (for which only a single clade was found, see 
Results). The R package ‘fossil’ was used to calculate the euclidean distances between 
sampling points and plots showing the correlation between FST and euclidean distances 
were made using R.  
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To assess whether clades of Deleatidium and Potamopyrgus were subdivided into 
several populations in the study region, a Bayesian clustering analysis was performed 
with the software Geneland (Guillot et al., 2005). The analysis was run for 1 million 
MCMC steps in 10 independent runs. Population clusters (k) were defined from k = 1 to 
k = 15. 
2.4 Results 
2.4.1 Invertebrate community responses 
In the stream survey samples, the invertebrate community was dominated by larvae of 
the mayfly Deleatidium (26.0 % of all invertebrates counted) and by the snail 
Potamopyrgus (19.3 %) (Table 2.1). The final model for Potamopyrgus absolute 
abundance was an additive multiple-stressor model with a weak, positive linear 
relationship to increasing sediment and a strong unimodal but overall positive 
relationship to increasing nutrients (Table 2.2, Figure 2.1a). EPT taxon richness showed 
a single-stressor, subsidy-stress relationship to nutrients, with a slight increase at low 
nutrient enrichment followed by a strong decrease with further increasing nutrient levels 
(Table 2.2, Figure 2.1b). Deleatidium absolute abundance was unrelated to the nutrient 
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Table 2.1. Total number, percent contribution (%), number and percent of sites where present 
for the fourteen most common taxa in the invertebrate community. 
Taxon Total number % # Sites % Sites 
Deleatidium 3306 26.01 40 93.02 
Potamopyrgus antipodarum 2444 19.23 43 100.00 
Chironomidae 1028 8.09 41 95.35 
Pyncnocentria 892 7.02 40 93.02 
Elmidae 837 6.59 40 93.02 
Oligochaeta 811 6.38 42 97.67 
Paracalliope 796 6.26 31 72.09 
Pyncnocentrodes 367 2.89 31 72.09 
Aoteapsyche 340 2.68 29 67.44 
Hydrobiosis 285 2.24 40 93.02 
Zelandoperla 266 2.09 14 32.56 
Zelandobius 227 1.79 22 51.16 
Helicopsyche 177 1.39 16 37.21 
Austrosimulium 144 1.13 32 74.42 
Total 11920 







































































































































































































































































































































































































































































































































































   
   
Figure 2.1. Relationships between the focal stressors (nutrients and fine sediment) and the 
invertebrate response variables: (a) Potamopyrgus spp. abundance, (b) EPT taxon richness, (c-e) 
the abundances of Deleatidium clade 1-3, (f) Deleatidium clade richness, (g) Deleatidium clade 
evenness and (h) Deleatidum phylogenetic distance. Three-dimensional surfaces represent the 
final model for each response variable. NUT = nutrient index [log(TN)+log(TP)], SED = 
log(SIS). The highest nutrient and sediment values are in the right-hand corner of each plot. 
2.4.2 Molecular species delimitation  
The 532 bp long COI alignment for Deleatidium had 173 (32.52 %) variable sites and a 
GC content of 40 %. For Potamopyrgus, the 627 bp long COI alignment had 65 
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calculated using Mega (v.4; Tamura et al., 2007) and ranged from 0 to 3.5 % in 
Potamopyrgus, and 0 to 14.1 % in Deleatidium.   
The null model of a single species was rejected for Deleatidium for the COI dataset and 
with the GMYC approach (likelihood ratio for single threshold model: 31.68; P < 
0.001), but not for Potamopyrgus (likelihood ratio: 5.45; P = 0.06). The single-
threshold model was preferred for Deleatidium and the results suggested the presence of 
12 groups (ML entities, confidence interval: 10 – 14). The distance-based ABGD 
approach also detected 12 groups for Deleatidium (Pmax 0.77-3.59 %) (Figure 2.2a) 
and a single group for Potamopyrgus All resulting groups were consistent between the 
ABGD and GMYC approaches. 
The slow-evolving H3 gene sequenced for all 12 COI clades of Deleatium showed eight 
variable sites in the alignment. No heterozygous genotypes were found indicating 
almost no genetic variation for this gene within species. In the resulting parsimony 
network (Figure 2.2b), ten of the 12 clades had only a single homozygous H3 genotype. 
For five of the 12 clades, a single and distinct H3 genotype was found (clades 7, 8, 9, 10, 
12). Specimens of the two clades that had two H3 genotypes (clades 2 and 5) were 
separated by only one mutation. Seven clades showed patterns of incomplete lineage 
sorting, i.e. shared genotypes with one or two other clades: clades 1 and 4, which are 
sister taxa in the COI tree, shared a single genotype, in which specimens of clade 5 were 
also grouped. In addition, specimens of clade 2 shared one genotype with specimens 
from clades 3 and 11, and specimens of clade 6 shared a single genotype with some 
specimens of clade 5.  
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Figure 2.2. (a) Neighbour-Joining tree based on K2P-corrected COI distances showing the 12 
molecularly identified Deleatidium clades found in Southland with GMYC and ABGD. 
Bootstrap support values were calculated with 1000 repetitions. Only bootstrap values > 50 are 
shown. Sample sizes (n) are shown in parentheses. An asterisk highlights the three most 
abundant clades 1 – 3 analysed for their stress responses. (b) H3 network (TCS, 95 % 
connection limit) showing the 9 alleles found in Deleatidium spp. assessed by sequencing a 
subset of specimens from the clades. Colours correspond to clade colours in the COI tree. Black 
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2.4.3 Stressor responses of Deleatidium  
Whether stressor response patterns for the three most abundant clades (clades 1 – 3) 
differed from stressor response pattern of the genus Deleatidium was analysed. Clades 4 
– 12 were excluded from this analysis as specimen numbers were too low. Specimens of 
Deleatidium clade 1 were found at 31 sampling sites (total number of specimens: n = 
309), specimens of clade 2 at 13 (n = 80) and of clade 3 at 12 sampling sites (n = 51) 
(Figure 2.3). Only sites where these clades were present were included in subsequent 
analyses.  
 
Figure 2.3. Relative abundances of the 12 Deleatidium clades per stream site. n = number of 
specimens sequenced from each site. 
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Abundances of Deleatidium clades 1 – 3 were explained best by single-stressor models. 
Clade 1 showed a moderate positive relationship to increasing nutrients, whereas clade 
2 had a moderate negative relationship to nutrients and clade 3 displayed a strong 
negative relationship to sediment (Table 2.2, Figure 2.1c-e).  
Deleatidium clade richness and diversity (Simpson’s) showed single-stressor patterns 
with weak (richness) or moderate (diversity) negative relationships to increasing 
nutrients (Table 2.2, Figure 2.1f). Deleatidium clade evenness displayed an additive 
multiple-stressor response with negative relationships to nutrients (moderate effect size) 
and sediment (weak) (Figure 2.1g). Deleatidium phylogenetic distance showed a single-
stressor pattern, with a moderate negative relationship to increasing nutrients (Figure 
2.1h). The findings are complemented by the phylogenetic beta-diversity analyses. For 
Deleatidium the fraction of branch-lengths shared between sites was consistently 
highest between sites with high stressor levels (“HH” in Figure 2.4). Beta diversity 
between sites with low sediment levels (LL, LM, LH) was significantly lower than 
diversity between sites with medium and high sediment levels (MM, MH, HH) (P < 
0.001). Beta diversity between sites with low nutrient levels (LL, LM, LH) was 
significantly lower than diversity between sites with higher nutrient levels, with 
diversity being highest where both sites had high nutrient levels (HH) (P < 0.001).  
There was no evidence for cryptic species in Potamopyrgus Therefore, no additional 
analyses of their stress responses were necessary and all collected specimens were 
assigned to the species Potamopyrgus antipodarum. 
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Figure 2.4. Single-stressor relationships of Deleatidium phylogenetic beta diversity (fraction of 
branch-length shared between sites on y-axis) to fine sediment (SIS) and nutrients (logTN + 
logTP). Coding of stressor level according to three categories: L=low, M=medium, and H=high 
(see Methods). LL stands for low stressor level site comparisons whereas LH stands for 
comparisons of similarity between low and high stressor level sites. Error bars represent 
standard errors. 
2.4.4 Intraspecific genetic variation 
No significant relationship between population divergence and geographic distance was 
detected for Deleatidium clade 1 (P = 0.21) and clade 2 (P = 0.72) (See appendix Figure 
A2 for plots of FST versus euclidean distance), whereas a weak positive but highly 
significant correlation was found for clade 3 (P < 0.001, R2 = 0.19). A significant but 
extremely weak positive correlation between FST values and euclidean distance was 
detected for Potamopyrgus antipodarum (P = 0.017, R2 = 0.0084). However, no 
population sub-structuring was found within the three most abundant clades of 
Deleatidium and Potamopyrgus antipodarum using the Bayesian algorithm 
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2.5 Discussion 
2.5.1 DNA barcoding improves taxonomic resolution 
It was hypothesised that two of the most important bioindicator taxa found in New 
Zealand streams consist of several cryptic or overlooked species. By sequencing the 
COI barcoding region of 520 specimens of larval Deleatidium mayflies and 305 snails 
of the genus Potamopyrgus from the Southland region in New Zealand, it was shown 
that, while the snails all belonged to the species Potamopyrgus antipodarum, the genus 
Deleatidium comprises at least 12 different clades in this region. The marked 
differences in COI distances (up to 14.1 %) and the consistent results of two different 
species delimitation methods indicate that these 12 clades represent distinct species. 
Lucentini et al. (2011) found similar results for 11 clades of the mayfly Baetis rhodani 
sampled throughout Europe. Similar reports were made by Ståhls & Savolainen (2008) 
for Baetis vernus from northern Europe. Rutschmann et al. (2014) also reported 
similarly high values for several cryptic mayfly species of the genus Baetis and Cloeon 
from the Canary Islands and Madeira. In Australia, five distinct COI lineages with 
distances between 9.87 % and 18.74 % were reported for the mayfly genus Atalophlebia 
(Baker et al., 2004). 
As amplification of more variable nuclear markers (ITS2, Wingless) was unsuccessful 
(data not shown), the highly conserved histone H3 gene was used to test whether the 
distinct clades could be distinguished. Despite allele sharing for some clades, the H3 
gene data are not in conflict with the COI data but support discrete partitioning of 
genetic variation in many clades. The lack of differentiation for some clades (e.g. clades 
11 and 3, clades 4 and 2) can be explained by ancestral polymorphisms for this 
conserved gene. In the two cases where more than one allele was present (clades 2 and 
5), the alleles were not randomly distributed but connected over a single mutation step. 
This, together with the fact that different alleles occurred in sympatry, adds further 
evidence that clades mostly represent distinct biological species but the H3 gene 
requires further time for complete lineage sorting. However, it must be noted that the 
possibility that some clades have evolved in secondary contact but now represent a 
single species cannot fully excluded (see Elbrecht et al., 2014 for such an example in 
the European stonefly Dinocras cephalotes). Fast-evolving markers such as 
microsatellites are needed for such an analysis. In addition, it may well be possible that 
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some of these mayfly species are formally described as adults and only cryptic at the 
larval stage. However, BLAST searches of the Deleatidium sequences against the 
BOLD database were mostly uninformative as “good hits” to very different species 
names were found, showing that this genus needs to be revised using both taxonomic 
and molecular data. For this purpose, however, the extensive study of adult specimens 
reared from larvae from many streams covering the potential distribution areas of all 
species described to date would be needed.  
2.5.2 Responses to agricultural stressors 
The main concern with cryptic species for bioassessment and monitoring is that these 
may in fact show strongly different ecological preferences and thus have considerable - 
but species-specific - ecological indication potential (Feckler et al., 2012; Soucek et al., 
2013; Feckler et al., 2014). In this study, 12 distinct mitochondrial clades likely 
representing distinct species were found at 39 stream sites. Differences in stressor 
responses were statistically assessed for the three most abundant and comparatively 
widespread clades 1 – 3. Two of these clades either decreased with dissolved nutrient 
concentrations (clade 2) or with deposited fine sediment levels (clade 3). These patterns 
are consistent with frequently reported response patterns for the genus Deleatidium (see 
e.g. Matthaei et al., 2010; Wagenhoff et al., 2011), which is regarded as a pollution-
sensitive taxon in conventional biomonitoring (Stark & Maxted, 2007). By contrast 
clade 1, which was by far the most abundant clade found in the survey, increased in 
abundance with nutrients. These opposing patterns caused the non-significant overall 
response of the higher-level taxon Deleatidium to the stressors.  
When considering the wider implications of these findings, it must be emphasized that 
benthic macroinvertebrate species are key elements of assessment metrics in stream 
biomonitoring programs. Correct species identification is therefore of utmost 
importance when studying effects of stressors on species diversity and assessing the 
potential of taxa to serve as bioindicators when evaluating the success of ecosystem 
restoration and conservation projects. The inability to reliably assign species-level 
determination to stream invertebrate samples due to a lack of diagnostic characters 
particularly in immature insects (e.g. Sweeney et al., 2011), cryptic species or simply 
due to time and costs is usually compensated by working at higher taxonomic levels. 
This can yield important and valid data. However, ecological information decreases at 
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higher taxonomic levels as in many genera of freshwater taxa there are several 
functional feeding groups (Jones, 2008) and taxa with various differences in their niche 
preferences and ecological tolerances, as shown in the current study.  
It was hypothesised that multiple-stressor responses of the unrecognized or cryptic 
Deleatidium and Potamopyrgus species unveiled by DNA barcoding would differ from 
the averaged higher-level response patterns. The results of this study largely confirm 
this. While EPT taxon richness decreased with increasing nutrient concentrations, 
abundance of the most common EPT taxon Deleatidium showed no significant 
relationship to the stressors. This demonstrates that Deleatidium may not always be a 
reliable stressor indicator. While overall Deleatidium abundance was not significantly 
related to the stressors of sediment or nutrients, the different Deleatidium clades showed 
contrasting responses to the stressors. Consequently, within one of the most commonly 
used stream bioindicator taxa in New Zealand, one abundant species may be in fact 
relatively stressor-tolerant whereas others are more stressor-sensitive. While further 
work is needed to see how widely these patterns of clade occurrence and resilience can 
be generalised, this finding emphasizes the point that correct species-level identification 
is highly important for stream biomonitoring programs. In fact (at least when only 
considered at genus level), Deleatidium has been reported as rather tolerant to several 
stressors such as acid mine drainage (O'Halloran et al., 2008), heavy metals (Hickey & 
Vickers, 1992) and ammonia (Hickey & Vickers, 1994). In view of the genetic data, it 
needs to be reassessed whether only a few specifically adapted/tolerant species of 
Deleatidium are found under certain stressed conditions such as the ones mentioned 
above, or whether all members of Deleatidium are in fact tolerant to these stressors. 
While abundance of the stressor-sensitive EPT taxa generally decreases in stressed 
streams, certain taxa can cope with high stressor loads in the water. Potamopyrgus 
antipodarum is known to thrive in streams affected by multiple stressors (Matthaei et al., 
2010; Wagenhoff et al., 2011), a result that could largely be confirmed in this study for 
dissolved nutrients and deposited fine sediment.  
2.5.3 Deleatidium clade assemblage responses 
Within the genus Deleatidium, clade richness, diversity and evenness decreased with 
increasing nutrient and/or sediment levels. Thus, while the overall abundance of 
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Deleatidium remained unchanged as stressor levels increased, the number of 
Deleatidium clades present at each stream site decreased with increasing stressor levels. 
Consequently, single clades tended to dominate the Deleatidium community at stream 
sites with high stressor levels, whereas several clades with comparable abundances 
coexisted at sites with lower stressor levels.  
In contrast to the invertebrate community results, beta diversity of Deleatidium, defined 
by the fraction of shared branch lengths between sites, was highest between stressed 
streams and lower between sites with medium and low stressor levels. This result also 
implies that only a few Deleatidium species (basically just clade 1, see above) can cope 
with high stressor levels and that the highest diversity is found in streams largely 
unimpacted by stressors.  
2.5.4 Population substructure and connectivity 
Although Euclidean geographic distance was positively correlated with higher FST 
values (i.e., stronger genetic differentiation between populations with increasing 
geographic distance) in both Deleatidium clade 3 and Potamopyrgus antipodarum, no 
such pattern was found in the most abundant Deleatidium clades 1 and 2. Deleatidium 
clade 3 might be a weak disperser (compared to Deleatidium clade 1 and 2) that cannot 
easily migrate across the Southland region, limiting gene flow between streams in 
geographically distant locations. This pattern seems unusual for a mayfly genus, since 
most studies on mayflies in other parts of the world have reported no consistent 
isolation by distance at the regional / local scale (Hughes et al., 2000; Watanabe et al., 
2010; Alp et al., 2012; Múrria et al., 2014). Although such pattern are more common 
for hololimnic snails (e.g. Kappes & Haase, 2012) such as Potamopyrgus antipodarum, 
Alonso & Castro-Diez (2008) concluded in their review article that this snail species is 
actually a strong disperser. 
Whether limited dispersal ability is an inherent trait of Deleatidium clade 3 or possibly a 
result of this clade being extremely sensitive to pollution and therefore more isolated 
cannot be answered conclusively in this study, due to the limited number of samples in 
which the clade occurred. Deleatidium clades 1 and 2, however, seem to be good 
dispersers and therefore populations in the sampled streams are well connected by gene 
flow. Further studies investigating the genetic diversity of species in stressed and 
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unstressed streams using a large set of nuclear genetic markers might reveal more 
meaningful patterns and thus help answer this open question.  
2.5.5 Conclusions 
The results of this study show that cryptic species of the important bioindicator mayfly 
genus Deleatidium can respond differently to two key agricultural stressors. The most 
common Deleatidium species (clade 1) responded positively to one stressor (nutrients) 
whereas two other common species responded negatively to one stressor each (clade 2: 
nutrients; clade 3: fine sediment). For New Zealand, these results clearly show that 
resource managers concerned with aquatic effects of land-use would benefit from 
knowing which particular cryptic species of Deleatidium occur in each monitored 
stream. However, as identification of invertebrate taxa is a common problem worldwide, 
lack of taxonomic resolution and the potential problems arising from this issue might 
affect ecological monitoring and research programmes in both aquatic and terrestrial 
environments. These results highlight the importance and potential of molecular 
methods for reliable species identification and demonstrate that these methods are a 
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3 Using algal traits to determine seasonal patterns of multiple-
stressor effects on stream benthic algae 
3.1 Summary 
Agricultural intensification is one of the greatest threats to freshwater biodiversity, 
resulting in multiple stressors affecting stream ecosystems. These stressors can interact 
in complex ways, and the magnitude of their effects can also vary seasonally, but this 
variation has been rarely investigated. In this study, the benthic algae at 43 stream sites 
in Southern New Zealand spanning wide gradients of two important agricultural 
stressors, dissolved nutrients and deposited fine sediment, were sampled in austral 
autumn and spring. Algal community metrics, common taxa and species traits were 
assessed to determine the individual and combined effects of the stressors on the 
benthic algal community over the two seasons. A number of significant relationships 
occurred with both stressors (measured using standing stocks of suspendable deposited 
fine sediment and dissolved nitrogen concentrations as proxies), with unimodal 
(subsidy-stress) responses being common. While overall fine sediment and nitrogen 
levels were not significantly different between the two seasons, the algal communities 
present differed greatly. This result indicates that other seasonal factors were influential 
in driving these differences in community composition. Further, despite the lack of 
seasonal differences in sediment and nitrogen levels, the algal community did show 
seasonal differences in its response to the two stressors. Thus, a greater number of 
significant responses were found in autumn compared to spring, whereas a greater 
number of complex multiple-stressor responses were found during spring. These 
differences could be due to responses to the two abiotic stressors being modified by 
biotic processes such as interspecific competition. Finally, species traits were found to 
be a useful tool for detecting multiple stressor effects. Factors such as cell size, spore 
formation, nitrogen fixation and their relationship to nutrients and sediment provide 
greater insight into the mechanisms behind responses. 




Agricultural intensification is one of the greatest threats to biodiversity in freshwater 
ecosystems (Vörösmarty et al., 2010). Streams and rivers draining agricultural 
catchments are highly impacted by associated stressors; two major agricultural stressors 
are elevated levels of dissolved nutrients and deposited fine sediment on the streambed 
(Wood & Armitage, 1997; Smith et al., 1999; Allan, 2004; Niyogi et al., 2007; Matthaei 
et al., 2010; Wagenhoff et al., 2011). These stressors have been shown to interact in 
complex ways to affect stream ecosystems including macroinvertebrates (Matthaei et al., 
2010; Wagenhoff et al., 2012; Piggott et al., 2015d; Elbrecht et al., 2016) and benthic 
algae (Wagenhoff et al., 2013; Piggott et al., 2015b). 
Benthic algae are a particularly important component of stream ecosystems because 
they are often the principal primary producers, play a key role in nutrient processing 
and help stabilise the substratum in many habitats (Vannote et al., 1980; Stevenson et 
al., 1996). Even relatively minor changes in the algal community can result in shifts in 
both nutrient processing capacities and stream food web structure. Therefore, it is 
important to understand how different stressors can affect benthic algae in order to help 
assess stream health and improve stream ecosystem management practices.  
Low levels of fine sediment inputs into streams may act as a subsidy for benthic 
organisms by increasing habitat heterogeneity, providing suitable habitat for algal taxa 
that can move on or through the sediment and live within crevices (Schneck et al., 
2011; Magbanua et al., 2013a; Piggott et al., 2015b). However, with further increasing 
sediment inputs this initial subsidy is typically followed by a decline (i.e. a stress 
effect), as high levels of sediment may crush and smother benthic algal cells and reduce 
light availability for photosynthesis (Brookes, 1986; Wood & Armitage, 1997; Izagirre 
et al., 2009). Likewise, stream algal communities can also show subsidy-stress 
relationships to nutrients (Odum et al., 1979; Niyogi et al., 2007; Wagenhoff et al., 
2011). Nutrient inputs to streams with low nutrient levels may provide a subsidy to 
certain nutrient-limited taxa (Biggs et al., 1998), leading to increases in taxon richness 
and community evenness (Stevenson et al., 2008). By contrast, higher nutrient 
concentrations may lead to nutrient-saturated conditions with nutrient-tolerant taxa 
dominating and further increases in nutrient concentration negatively affecting the algal 
community (Biggs, 2000).  
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The magnitude and influence of these stressors on stream algal communities can vary 
seasonally, due to variables such as changes in farming activities and rainfall levels. For 
example, on most farms in temperate regions of the world fertilizer is not applied during 
winter, resulting in lower levels of nutrient enrichment of streams in agricultural 
catchments in winter (e.g. Di & Cameron, 2002). On the other hand, farmland soils are 
more likely to be saturated during winter, leading to greater surface runoff with more 
nutrient leaching and possibly fine sediment washout (Kwaad, 1991). However, in order 
to minimise overall effort, most stream surveys performed for biomonitoring or research 
purposes are done as a one-off snapshot and not repeated across different seasons (for 
example: Chételat et al., 1999; Biggs, 2000; Liess et al., 2009; Wagenhoff et al., 2011; 
Stein et al., 2014; Lange et al., 2016). 
The study of biological species traits can provide insights into the mechanisms behind 
observed responses to environmental gradients or experimentally manipulated stressors 
(Townsend & Hildrew, 1994; Poff et al., 1997; Poff et al., 2006; Litchman & 
Klausmeier, 2008; Frimpong & Angermeier, 2009). Recently, Lange et al. (2016) 
developed the first trait-based framework for benthic stream algae, in which algal taxa 
were assigned to 23 trait categories within seven traits. This framework includes 
morphological, physiological, behavioural and life-history traits relating to resource 
acquisition and resistance to disturbance. To my knowledge, the present study 
represents the first stream survey that tests the utility of this new trait framework for 
benthic stream algae for determining environmental drivers of algal community 
composition. 
I investigated the individual and combined effects of two important agricultural 
stressors, deposited fine sediment and nutrient enrichment, on benthic algal 
communities over two seasons. To address this aim, I conducted a large stream survey 
in the Southland province of New Zealand. In this survey, I re-sampled the 43 stream 
sites previously surveyed by Wagenhoff et al. (2011), who assessed invertebrate and 
algal community responses to fine sediment and nutrients. The survey sites covered a 
wide gradient from fairly pristine to heavily degraded streams due to intensive 
agricultural catchment land use. Based on findings of the previous related research 
presented above, I hypothesised that:  
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(i) Both sediment and nutrients may act as a subsidy at low levels but will act as 
a stressor at high levels;  
(ii) Sediment and nutrient levels will vary between austral autumn and spring, 
leading to seasonal differences in the effects of the stressors;  
(iii) Algal species traits will be a) more useful in detecting multiple-stressor 
effects and b) more robust against seasonal changes than community- or 
taxon-level variables. 
3.3 Methods 
3.3.1 Field sampling 
I sampled 43 stream sites (Figure 3.1) in the Southland province of New Zealand (the 
same sites as in Wagenhoff et al., 2011) during a two-week period in Austral autumn 
2012 (10 – 22 April). Forty of these sites were then resampled in the subsequent spring 
(22 September – 11 October 2012). Stream order ranged from 2nd to 6th order and 
sampled stream reach length from 5 to 50 m. Stream flows at all sites were largely 
stable for at least three weeks prior to each survey commencing and during both surveys 
(Environment Southland 2012). Sampling sites were chosen to span the full range of 
agricultural land use intensities in the province, as determined by the percentage of 
runoff from pastoral land cover within the catchment upstream of each site: 0 – 99.7 % 
annual runoff from pasture (see Wagenhoff et al., 2011). At each site, the percentage 
cover of deposited fine sediment (< 2 mm) on the streambed was estimated visually 
using an underwater viewer following the protocol described in Clapcott et al. (2011). 
Concentrations of dissolved ammonium and nitrate (summed as dissolved inorganic 
nitrogen, DIN) and dissolved reactive phosphorus (DRP) were determined from four 
replicate water samples per site following standard methods (APHA, 1998). The 
amount of suspendable inorganic fine sediment (SIS in g m-2) in the upper 5 cm of 
streambed was determined from five randomly collected samples per site using the 
quantitative Quorer method (Quinn & Cooper, 1997; Clapcott et al., 2011). This 
involved inserting a plastic cylinder (inner diameter 24 cm, height 70 cm) firmly into 
the streambed, disturbing the substratum using a metal rod (for 30 seconds to a depth of 
about 5 cm) and then taking a 100 – 150 ml sample of the resulting slurry. Average 
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water depth was measured (average of 5 measurements) before and after disturbing the 
streambed. In addition, two unfiltered water samples were taken upstream to provide a 
baseline measurement for turbidity. In the laboratory, the exact volume of the samples 
were measured, sediment was filtered, dried at 105°C, weighed, ashed at 550 °C then 
reweighed to determine the average mass (g) of suspendable inorganic fine sediment 
(SIS) per m2 at each site. 
 
Figure 3.1. The surveyed stream sites in the Southland province of New Zealand. 
At each site, biofilm samples were scraped from a standardised circular area (diameter 
38 mm) from 5 stones and combined in the field, then transported on ice in the dark to 
the laboratory where they were frozen at -20 °C until analysis. Following thawing, 
samples were homogenised using a blender (Omni Mixer, Ivan Sorval Inc., Newton, CT, 
U.S.A.) for one minute and adjusted to 40 ml. One subsample (1 – 8 ml, depending on 
the concentration of periphyton biomass in the sample) of the homogenate was 
concentrated onto pre-combusted GF/C filters using a vacuum pump, and chlorophyll a 
(mg m-2) was then determined spectrophotometrically using the protocol described by 
Biggs & Kilroy (2000). A second sub-sample (10 mL) was preserved for algal 
community taxonomic composition analysis using formalin (resulting in a final 
concentration of 3 % formalin). Aliquots of each sub-sample were transferred to a 2 mL 
sedimentation chamber and examined at 400 × magnification under a microscope 
(Olympus BX 51, Olympus Corporation, Tokyo, Japan). A minimum of 300 individual 
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algal cells or units (10 µm long units where filamentous algae or cyanobacteria had 
small cells; see Lange et al., 2016) were counted and identified to the lowest practical 
taxonomic level (usually species) using standard keys (Biggs & Kilroy, 2000; Bellinger 
& Sigee, 2010). Within the subsequent text, for simplicity I use the term ‘algae’ to refer 
to both algal and cyanobacterial taxa. Taxa were assigned to categories within the seven 
traits (with 23 trait categories) proposed by Lange et al. (2016). Taxa present at more 
than 25 % of the sites and making up more than 1 % of the total individuals counted (all 
samples combined) were considered to be common and widespread. Algal cell count 
data was used to calculate total algal cell density, taxon richness, Simpson’s diversity 
and evenness, cell densities of the common taxa and relative abundances of the different 
trait categories. See Table A1 in the appendix for a full list of algal taxa and trait 
classifications. 
3.3.2 Data analysis 
All analyses were run using R (version 3.1.3; R Core Team, 2015). Nonmetric 
multidimensional scaling (NMDS) was used to graphically explore differences in 
taxonomic community composition (including all rare taxa) among sites in the autumn 
and spring surveys. Paired t-tests were carried out to determine whether an overall 
change occurred between the two surveys (at the 40 sites sampled in both surveys) for 
each of the physicochemical variables as well as the community and trait response 
variables. General linear models were used to determine relationships between the 
changes in physicochemical variables (from autumn to spring at the 40 sites sampled in 
both surveys) with catchment land use intensity. Percent annual runoff from pasture in 
each stream catchment was used as a proxy of catchment land use intensity (see 
Wagenhoff et al., 2011). General linear models were also used to identify the 
physicochemical variables in each category (nutrient and sediment) that were most 
strongly related to land use intensity. Where necessary, predictor variables were natural 
log-transformed (Ln) to meet the assumptions of the statistical analyses used. All 
physicochemical variables except % cover of fine sediment were Ln-transformed. The 
sediment variable that was most strongly correlated with land use was suspendable 
inorganic fine sediment (SIS, April: R2 = 0.22, p < 0.001; September: R2 = 0.26, p < 
0.001), and the nutrient variable most strongly correlated was dissolved inorganic 
Chapter 3 – Algae: stream survey  
49 
 
nitrogen (DIN, April: R2 = 0.42, p < 0.001; September: R2 = 0.65, p < 0.001). 
Therefore, SIS and DIN were chosen as sediment and nutrient predictors, respectively.  
Relationships between the biological responses and predictor variables (nutrient and 
sediment) were investigated using general linear models with model selection based on 
the small-sample unbiased Akaike Information Criterion (AICc) (Burnham & Anderson, 
2002). Predictor variables were transformed where necessary and then centred (by 
subtracting the mean from each value) and scaled (with two standard deviations) to 
improve interpretability and allow the use of regression estimates as effect sizes 
(Schielzeth, 2010). The global model included five predictor terms: DIN, SIS, their 
interaction (DIN×SIS), and the second order polynomial terms of nutrients (DIN×DIN) 
and sediment (SIS×SIS) (to allow detecting potential non-linear responses). Full sets of 
models were generated using the dredge function implemented in the ‘MuMIn’ package 
in R (Barton & Barton, 2014). The best-performing models for each variable were 
determined using the criterion ΔAICc ≤ 2 and applying the ‘nesting rule’ where the 
selected models cannot be more complex than the highest-ranked model (Richards et al., 
2011). When more than one top model was retained, model averaging was employed to 
produce one final model for each response variable and the coefficients of the final 
model were calculated using the ‘zero-method’ (Burnham & Anderson, 2002). 
Standardized partial regression coefficients were used to represent effect sizes 
(categorised as weak > 0.1 – 0.3, moderate > 0.3 – 0.5 or strong > 0.5) (Nakagawa & 
Cuthill, 2007). Only effect sizes ≥ 0.1 were considered to be biologically relevant, but 
terms with coefficients < 0.1 were retained in cases where the corresponding second-
order polynomial or interaction term was included in the final model. The 95% 
confidence intervals (CIs) were reported as a precision estimate of the effect size. 
Although the inclusion of zero in a confidence interval means that the effect is not 
statistically significant (at a = 0.05) under the conventional null hypothesis testing 
framework, response variables with such CIs were retained if their effect size was 
considered biologically relevant (≥ 0.1) (Nakagawa & Cuthill, 2007). 
3.4 Results 
Deposited fine sediment SIS levels and dissolved inorganic nitrogen (DIN) levels were 
not significantly different between the two surveys. However, the percentage cover of 
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fine sediment was greater in autumn than in spring, while dissolved reactive phosphorus 
(DRP) concentrations were higher in spring (Table 3.1). This increase in DRP from 
autumn to spring occurred mainly at sites with low land use intensities, whereas sites 
with high land use intensities had similar levels of DRP in both surveys (Figure 3.2). 
Changes between the surveys in the other abiotic variables were unrelated to land use 
intensity. 
Table 3.1. Overall means and ranges of the abiotic nutrient and sediment variables, the 
community-level algal responses and the algal trait categories for the autumn and spring surveys. 
P-values for paired t-tests comparing the two seasons overall (all samples combined) are shown, 
with significant P-values < 0.05 in bold. SIS = suspendable inorganic fine sediment, DIN = 
dissolved inorganic nitrogen, DRP = dissolved reactive phosphorus. 
 
mean ± SE min max mean ± SE min max P-value
Abiotic variables
% cover of  fine sediment 14.2 ± 2.4 0.0 62.5 9.6 ± 1.5 0.5 38.0 0.026
SIS (g m-2) 250.5 ± 59.8 7.8 1793.3 194.2 ± 28.5 10.8 951.3 0.167
DIN (µg L-1) 768.1 ± 142.0 11.42 3405.6 890.9 ± 139.1 17.9 3167.3 0.187
DRP (µg L-1) 16.5 ± 2.3 1.6 64.1 30.3 ± 4.1 3.9 115.4 0.004
Community-level responses
Biomass (mg Chlorophyll a m-2) 26.7 ± 4.2 0.1 115.5 14.9 ± 3.9 0.0 96.7 0.018
Cell density (mm-2) 12812.1 ± 1936.1 357.0 43466.5 5273.1 ± 1222.6 208.2 34742.0 0.002
Taxon richness 14.6 ± 0.7 4.0 25.0 12.3 ± 0.6 7.0 21.0 0.021
Evenness 0.27 ± 0.02 0.12 0.53 0.21 ± 0.01 0.11 0.39 0.006
Traits (%)
(1) Cell size
nano (5 ≤ 100 µm3) 8.7 ± 2.5 0.0 89.2 2.0 ± 0.4 0.0 10.5 0.015
micro (100 ≤ 300 µm3) 13.6 ± 2.2 0.6 71.4 7.9 ± 1.1 0.6 24.4 0.039
meso (300 ≤ 600 µm3) 46.3 ± 4.2 1.1 95.9 41.9 ± 4.3 2.9 93.0 0.563
macro (600 ≤ 1500 µm3) 3.0 ± 1.0 0.0 30.7 1.3 ± 0.3 0.0 10.9 0.070
very large (> 1500 µm3) 28.3 ± 4.0 0.0 92.7 46.9 ± 4.4 2.0 95.5 0.007
(2) Life form
colonial 7.9 ± 1.3 0.3 31.6 3.5 ± 0.6 0.0 16.9 0.004
filamentous 48.5 ± 4.6 0.0 97.7 76.4 ± 2.8 27.2 96.2 <0.001
unicellular 43.5 ± 4.6 1.8 97.4 20.1 ± 2.5 3.2 64.9 <0.001
(3) Attachment
low - no fixation structure 25.4 ± 3.2 1.7 76.5 13.5 ± 2.5 1.2 65.2 <0.001
med - attached 69.0 ± 3.6 2.4 98.2 82.9 ± 2.6 28.9 98.1 <0.001
high - tightly attached 5.6 ± 1.2 0.0 45.4 3.6 ± 0.7 0.0 20.6 0.141
(4) Nitrogen fixation
yes 2.0 ± 0.9 0.0 31.1 0.6 ± 0.3 0.0 6.7 0.349
(5) Motility
attached 84.7 ± 2.9 25.3 100.0 91.0 ± 1.9 38.8 99.7 0.011
gliding 4.6 ± 1.1 0.0 29.2 5.0 ± 1.1 0.0 35.1 0.906
drift 10.7 ± 2.5 0.0 70.8 4.0 ± 1.3 0.0 45.9 0.005
(6) Reproductive technique
fission 56.7 ± 4.7 2.3 100.0 25.3 ± 3.2 3.8 80.7 <0.001
fragmentation 43.3 ± 4.7 0.0 97.7 74.7 ± 3.2 19.3 96.2 <0.001
(7) Spore formation
none 65.0 ± 4.5 1.8 100.0 28.2 ± 3.9 3.8 95.7 <0.001
akinetes 11.9 ± 3.2 0.0 89.2 26.7 ± 4.5 0.0 87.5 <0.001
oospores and zygospores 23.0 ± 4.0 0.0 92.7 45.0 ± 4.5 0.0 95.5 <0.001
AUTUMN SPRING





Figure 3.2. Changes in % cover of fine sediment, and levels of areal SIS (resuspendible 
inorganic sediment), DIN (dissolved inorganic nitrogen) and DRP (dissolved reactive 
phosphorus) at the 40 sites from autumn to spring, and their relationships with catchment land 
use intensity (measured using percent annual runoff from pasture as a proxy).  
3.4.1 Community response variables 
Algal biomass, cell density, total taxon richness and community evenness were all 
greater in autumn than in spring (Table 3.1). Furthermore, the exploratory NMDS on 
the algal community data (including all rare taxa) illustrated overall differences in 
community composition between autumn and spring (Figure 3.3). 
 
    























































































































































P = 0.014 
























Figure 3.3. Two-dimensional nonmetric multidimensional scaling (NMDS) plot displaying the 
differences in algal community composition at the 40 common sites sampled during the two 
seasons (stress score = 0.146; good). Orange circles represent samples from the autumn survey 
while green circles represent samples from the spring survey.  
 
In the autumn survey, the final model for algal biomass was an additive multiple-
stressor model with subsidy-stress relationships to both sediment and nutrients, whereas 
in the spring survey algal biomass showed a weak positive, single-stressor, linear 
relationship to sediment (Figure 3.4, Table 3.2 and Table 3.3). Cell density showed a 
single-stressor, subsidy-stress relationship to sediment in autumn but a weak positive 
linear response to nutrients in spring. The final model for taxon richness in autumn was 
an additive multiple-stressor model with a negative linear relationship with nutrients 
and a positive linear relationship with sediment. By contrast, in spring taxon richness 
showed a complex multiple-stressor relationship to the stressors. Community evenness 
was unrelated to the nutrient and sediment predictors. 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.4. Relationships between the abiotic predictors (Ln DIN and Ln SIS) and chlorophyll a 
(a surrogate of periphyton biomass), total periphyton cell density, and total taxon richness. 
Responses from the autumn survey are on the top and the spring survey below. Three-
dimensional surfaces represent the final model for each response variable. The highest nutrient 
and sediment values are in the right-hand corner of each plot. 
3.4.2 Common taxa  
In the autumn survey, 13 taxa were considered common, with the community co-
dominated by Stigeoclonium sp. (20.1 %) and Gomphonema minutum (17.3 %). By 
contrast, only nine taxa were common in spring (only one of which, Nitzschia 
lanceolata, was not common in autumn) and Stigeoclonium sp. (42.0 %) was 
significantly more dominant (Table 3.2, Table 3.3). Ten of the 13 common taxa in the 
autumn survey showed relationships to the nutrient and sediment predictors, compared 
to only four of the nine in the spring survey.  
Three taxa showed relationships to the stressors in both surveys (Figure 3.5, Table 3.2 
and Table 3.3). All three showed subsidy-stress responses to sediment in autumn. By 
contrast, in spring Stigeoclonium sp. showed a moderate positive linear relationship to 
sediment, Melosira varians a positive linear relationship to nutrients and Fragilaria 
vaucheriae a complex multiple-stressor relationship to both stressors. 
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Seven taxa showed relationships to the stressors only in autumn (Figure 3.6, Table 3.2). 
Gomphonema parvulum showed a moderate positive linear relationship to nutrients, 
while Gomphonema minutum and Rhoicosphenia abbreviata showed subsidy-stress 
relationships to nutrients. Vaucheria sp. showed a weak positive linear relationship to 
sediment, whereas Nitzschia palea and Gomphonema clavatum showed subsidy-stress 
responses to sediment. Achnanthidium minutissimum showed an additive multiple-
stressor relationship with a subsidy-stress relationship to nutrients and a negative one to 
sediment.  
One taxon, Nitzschia lanceolata, showed a relationship to the stressors only in spring, 
with a positive linear relationship to nutrients (Figure 3.6, Table 3.3). 
 
Figure 3.5. Common taxa (cell density mm-2) that showed significant relationships with the 
predictor variables (Ln DIN and Ln SIS) in both the autumn and spring surveys. Three-
dimensional surfaces represent the final model for each response variable. The highest nutrient 
and sediment values are in the right-hand corner of each plot. 
 
      
      




































































































































































































































































































































































































































































































































































































































































































Figure 3.6. Common taxa (cell density mm-2) that showed significant relationships with the 
abiotic predictor variables (Ln DIN and Ln SIS) in either the autumn or spring surveys. Three-
dimensional surfaces represent the final model for each response variable. The highest nutrient 
and sediment values are in the right-hand corner of each plot. 
3.4.3 Algal traits 
Algae with nano- or micro-sized cells, no fixation structure, drift motility, reproduction 
via fission, colonial and unicellular algae, and algae that do not produce spores had 
greater relative abundance in the autumn survey compared to the spring survey (Table 
3.1). Conversely, algae with very large cells, medium attachment, non-motile, 
reproduction via fragmentation, filamentous algae, and algae that form akinetes or 
oospores and zygospores had greater relative abundance in the spring survey. 
Of the twenty trait variables with the seven trait categories present, 11 (in four of the 
seven trait categories) showed relationships to the nutrient and sediment predictors in 
the autumn survey and ten (in five trait categories) in the spring survey. In autumn, cell 
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size, life form, reproductive technique and spore formation were all significantly related 
to nutrients and sediment, while attachment, nitrogen fixation and motility were not 
(Table 3.2). In spring, cell size and spore formation were likewise related to nutrients 
and sediment, along with attachment, nitrogen fixation and motility, whereas life form 
and reproductive techniques were unrelated (Table 3.3).  
Six trait variables from two trait categories (cell size and spore formation) showed 
relationships to the stressors in both surveys (Figure 3.7, Table 3.2 and Table 3.3). In 
autumn, nano-sized cells showed a complex multiple-stressor relationship with a 
subsidy-stress relationship to nutrients and an overall negative relationship with 
sediment, while in spring nano-sized cells showed a single-stressor subsidy-stress 
relationship to nutrients. Meso-sized cells showed a complex multiple-stressor 
relationship to nutrients and sediment in autumn (with the strongest positive 
relationship to nutrients where sediment was low and the strongest negative relationship 
to sediment where nutrient levels were high), but only a single-stressor positive linear 
relationship to sediment in spring. Macro-sized cells also showed a complex multiple-
stressor relationship to nutrients and sediment in autumn (with the greatest positive 
relationship to sediment where nutrient levels were also high and a negative relationship 
with nutrients where sediment levels were low) and spring (with a unimodal 
relationship to nutrients while showing the greatest positive relationship to sediment 
where nutrient levels were high). Algae with no spores showed a subsidy-stress 
relationship to nutrients in autumn, but a complex multiple-stressor relationship in 
spring (with a subsidy-stress response to sediment, the strongest negative relationship to 
nutrients where sediment levels were low and the greatest positive relationship to 
sediment where nutrient levels were high). Algae with akinetes showed a complex 
multiple-stressor relationship in autumn (with a unimodal relationship to nutrients and a 
positive relationship with sediment at low nutrient levels, but a negative relationship to 
sediment at high nutrient levels), whereas in spring they showed simply a single-
stressor positive linear relationship to sediment. Algae with oospores / zygospores 
showed a unimodal relationship with sediment in autumn, but a negative linear 
relationship to nutrients in spring. 
Five trait variables showed relationships to the stressors only in the autumn survey 
(Figure 3.8, Table 3.2 and Table 3.3). Filamentous algae and algae that reproduce via 
fragmentation showed unimodal relationships to nutrients, while unicellular algae and 
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algae that reproduce via fission showed subsidy-stress relationships to nutrients. Algae 
with very large cell sizes showed an additive, multiple-stressor relationship, with a 
unimodal relationship to nutrients and a positive relationship to sediment.  
Four trait variables showed relationships to the stressors only in spring (Figure 3.8, 
Table 3.2 and Table 3.3). Nitrogen fixing algae showed a single-stressor negative linear 
relationship to nutrients. Gliding algae had a complex multiple-stressor relationship, 
showing a negative relationship to sediment where nutrient levels were low but a 
positive relationship to sediment where nutrient levels were high and vice versa. Algae 
with low attachment or micro-sized cells had complex multiple-stressor relationships 
with subsidy-stress responses to sediment, showing the strongest negative relationship 
to nutrients where sediment levels were low and the greatest positive relationship to 
sediment where nutrient levels were high. 




Figure 3.7. Algal traits (cell density mm-2) that showed significant relationships with the 
predictor variables (Ln DIN and Ln SIS) in both the autumn and spring surveys. Three-
dimensional surfaces represent the final model for each response variable. The highest nutrient 
and sediment values are in the right-hand corner of each plot. 
   
   
   
   
   























































































































































































































































































































































































Figure 3.8. Algal traits (cell density mm-2) that showed significant relationships with the 
predictor variables (Ln DIN and Ln SIS) in either the autumn or spring surveys. Three-
dimensional surfaces represent the final model for each response variable. The highest nutrient 
and sediment values are in the right-hand corner of each plot. 
 
  
   
  
 
   
 
  









































































































































































































































































3.5.1 Effects of fine sediment deposition and nutrient enrichment 
The majority of algal response variables were significantly related to at least one of the 
two investigated agricultural stressors. In the autumn survey, twenty-four of the 37 
response variables were significantly related to the stressors, compared to 17 of 33 
response variables in the spring survey. Unimodal relationships were observed for both 
stressors (supporting hypothesis (i)), consistent with subsidy-stress patterns. In the 
autumn survey, algal biomass and cell density showed subsidy-stress response 
relationships to deposited fine sediment, as did the densities of five common algal taxa. 
These taxa included the motile taxon, Nitzschia palea, the filamentous algae 
Stigeoclonium sp. and Melosira varians, and the stalked taxon Gomphonema clavatum, 
which would be able to take advantage of low sediment levels by being able to move 
through sediment (Schneck et al., 2011) or have greater access to resources by having 
tall growth (Passy, 2007b). However these taxa decline after the initial subsidy, perhaps 
being unable to avoid permanent burial at high sediment levels (Burkholder, 1996; 
Wood & Armitage, 1997). Paralleling these findings, two species of the genus Nitzschia 
showed subsidy-stress responses to fine sediment in a stream channel experiment 
manipulating twin stressor gradients of fine sediment and nutrients (Wagenhoff et al., 
2013), and motile algae showed a subsidy-stress relationship to fine sediment in a 
survey of 43 sites within a semi-arid agricultural river catchment in the Central Otago 
region of New Zealand (Lange et al., 2016). Unimodal relationships were also found at 
the algal trait level. Algae with oospores / zygospores showed a unimodal relationship 
in the autumn survey and in the spring survey algae with micro-sized cells, low 
attachment (with no fixation structure) or those unable to form spores showed subsidy-
stress responses. Spore formation can increase the resistance and resilience of algae to 
disturbance, by increasing their ability to disperse and reproduce (De Bie et al., 2012). 
While those unable to form spores decrease in relative abundance at high deposited fine 
sediment levels, those able to produce spores (e.g. oospores and zygospores) increase. 
Many algal response variables showed linear relationships to fine sediment, most of 
these being positive. In the autumn survey, taxon richness increased with increasing 
sediment levels and in spring algal biomass increased with sediment. The densities of 
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two common taxa, Vaucheria sp. (in autumn) and Stigeoclonium sp. (in spring), were 
positively affected by increasing sediment levels, while Achnanthidium minutissimum 
decreased with increasing sediment in autumn. In comparison, the majority of the 
responses to increasing levels of deposited fine sediment in the stream channel 
experiment by Wagenhoff et al. (2013) were negative, including algal biomass and the 
densities of common taxa. However, their experiment covered a range of sediment 
levels with a maximum much higher than observed in these surveys (100 % cover and a 
depth of 21.6 mm, compared to a maximum cover of 63 % in my autumn survey and 
38 % in spring; I did not measure sediment depth). Similar positive relationships of 
algal variables to fine sediment were, however, reported in another stream channel 
experiment manipulating sediment with two levels (no added sediment vs. added 
sediment with 90 % cover and 12.6 mm depth) (Piggott et al., 2015b) and a stream 
channel experiment by Magbanua et al. (2013a) with four treatment levels 
encompassing a range similar to that of Wagenhoff et al. (2013) (with a maximum of 
95.5 % cover and 21.6 mm depth). In my survey, several of the algal traits also showed 
unimodal relationships to fine sediment. Algae with larger sized cells (> 600 µm3 in 
autumn and 300 – 1500 µm3 in spring), gliding motility or with akinetes (in the spring 
survey) increased in relative abundance with increasing sediment levels, while those 
with small cells (5 – 100 µm3 in the autumn survey) decreased in relative abundance. 
These patterns may indicate that algae with larger sized cells may be more able to avoid 
permanent burial across the range of the sediment levels found in these surveys and 
therefore have better access to resources (Passy, 2007a). 
Unimodal patterns were also common in response to nutrients. In the autumn survey, 
algal biomass and the densities of three common taxa showed subsidy-stress 
relationships to nutrients, including Gomphonema minutum, Rhoicosphenia abbreviata 
and Achnanthidium minutissimum. This result is consistent with the assumption that 
enrichment with lower concentrations of nutrients stimulates primary productivity, but 
higher nutrient levels can cause negative effects, perhaps due to the development of 
thick periphyton mats shading underlying layers and accelerating deterioration and 
sloughing (Bouletreau et al., 2006) or causing the development of periodic anoxic 
conditions (Carlton & Wetzel, 1988). Furthermore, the relative abundance of algae with 
small cells (5 – 100 µm3) showed a subsidy-stress response in both surveys while those 
with larger cells (> 600 µm3 in autumn and 300 – 1500 µm3 in spring) showed the 
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opposite unimodal response (i.e. an initial decrease in relative abundance followed by 
an increase). The relative abundance of unicellular algae, algae that reproduce via 
fission and algae that cannot produce spores, all showed subsidy-stress responses in the 
autumn survey. Filamentous algae, algae that reproduce via fragmentation and algae 
with akinetes showed the respective opposite unimodal response. These results imply 
that smaller, unicellular cells that reproduce via fission may benefit the most from the 
subsidy provided by low nutrient levels, as they have higher nutrient uptake rates and 
reproduce faster (Biggs et al., 1998; Passy, 2007a; Litchman & Klausmeier, 2008), but 
are negatively affected by high nutrient levels. Conversely, at high nutrient levels, large 
celled, filamentous algae, that reproduce via fragmentation and produce spores 
(akinetes) are favoured. 
Several response variables had linear relationships to nutrients. Nutrient enrichment had 
positive effects on total cell density in spring and the densities of three common taxa, 
Navicula lanceolata (spring), Melosira varians (spring) and Gomphonema parvalum 
(autumn). Conversely, taxon richness was decreased by nutrient enrichment. Indicating 
that overall primary production did increase with nutrient enrichment (Biggs et al., 
1998). However algae (or cyanobacteria) capable of nitrogen fixation and/or formation 
of oospores and zoospores showed negative relationships to nutrient enrichment. Both 
of these traits are advantageous under nutrient-limiting conditions (Agrawal, 2009; 
Stancheva et al., 2013). 
3.5.2 Stressor interactions 
Multiple-stressor patterns in response to both stressors also occurred for around 20 % of 
the response variables (i.e. in 15 cases). In four cases, these were simple additive 
patterns (no significant interaction term), where response shapes along the nutrient 
gradient were consistent across levels of gradient of fine sediment levels. For example, 
algae with larger sized cells showed a simple additive multiple-stressor response, 
increasing with both nutrients and sediment. This suggested that the stressor modes of 
impact were correlated (Townsend et al., 2008), with both nutrients and sediment 
influencing resource accessibility and providing an advantage to larger celled algae. 
Complex multiple-stressor patterns occurred in 11 cases. For example, in the spring 
survey where the range in sediment levels was lower, taxon richness and density of 
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Fragilaria vaucheriae strongly decreased with nutrient concentrations at low sediment 
levels. Increased nutrient levels appeared to subsidise these negative effects of nutrients. 
In the autumn survey, where the range in sediment levels was higher, no effect of 
nutrients was observed, indicating that this subsidy effect of sediment may occur even 
at very low sediment concentrations. Algae with micro-sized cells, low attachment (or 
no fixation structures), and non-spore producing algae, had complex multiple-stressor 
responses in the spring survey, with strongest negative relationship to nutrients at low 
sediment levels, and strongest positive relationship to sediment at high nutrient levels. 
Low nutrient levels prevent the establishment of a complex biofilm matrix, therefore 
benefitting taxa with low attachment (Passy, 2007b). In contrast, algae with low 
attachment (or without fixation structures) are less vulnerable to burial by sediment 
deposition, and therefore increase with sediment levels (Biggs, 2000; Schneck et al., 
2011). In a similar fashion to the patterns of taxon richness and Fragilaria vaucheriae, 
this indicated that the positive effects of sediment subsidised the negative effects of 
nutrients on these taxa.  
3.5.3 Seasonal differences 
While deposited fine sediment SIS levels and dissolved inorganic nitrogen (DIN) levels 
were not significantly different between the two surveys, the algal community 
composition differed greatly. Algal biomass, cell density, taxon richness and evenness 
were all greater in autumn than in spring, and algal community composition was 
different between the two seasons. In autumn, the community was co-dominated by the 
taxa Stigeoclonium sp. and Gomphonema minutum, and algae with nano- or micro-sized 
cells, no fixation structure, drift motility, reproduction via fission, colonial and 
unicellular algae, and non-spore producing algae had greater relative abundance. By 
contrast, in spring Stigeoclonium sp. contributed nearly half of the total cell density, and 
algae with very large cells, medium attachment, non-motile, reproduction via 
fragmentation, filamentous algae, and algae that form akinetes or oospores and 
zygospores had greater relative abundances. These differences in the algal community 
between the two seasons indicate that other factors besides the two stressors examined 
were influential in driving the composition. For example, dissolved reactive phosphorus 
(DRP) concentrations, which were significantly higher in the spring survey, may have 
been an important driver of community composition. In the study by Bothwell (1989), 
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phosphate concentrations greater than 30-50 µg P L-1 were no longer limiting to peak 
algal biomass, based on these results, phosphorus may have been more limiting in the 
autumn survey where concentrations were lower with an average concentration of 16.5 
µg P L-1 compared to 30.3 µg P L-1 in spring. This could be examined in further 
analyses of my data set. Furthermore, the ratio of nitrogen to phosphorus can influence 
algal community structure as species show a range of strategies to compete for nutrients 
and differ in their optimal nitrogen to phosphorus ratios (Fairchild et al., 1985; Pringle, 
1990; Stelzer & Lamberti, 2001).  
Other unmeasured factors such as light (Moore, 1976; Marker & Casey, 1982; 
Steinman, 1992; Hill et al., 1995; Mulholland et al., 2001), water temperature (Duncan 
& Blinn, 1989; Carey et al., 2012; Piggott et al., 2015b), water chemistry (e.g. pH, CO2 
and other nutrients; Badger, 1987; Rueter & Petersen, 1987), hydrologic disturbance 
(Horner & Welch, 1981; Wehr, 1981; Duncan & Blinn, 1989; Grimm & Fisher, 1989; 
Júnior et al., 1991) or biotic interactions (Hill et al., 1992; Feminella & Hawkins, 1995; 
Kjeldsen et al., 1996; Rosemond et al., 2000; Buria et al., 2010) can also be important 
drivers of algae (and cyanobacteria) community composition in streams. The relative 
importance of these stressors on stream algae can shift seasonally (Duncan & Blinn, 
1989; Rosemond et al., 2000; Godwin & Carrick, 2008; Tornés & Sabater, 2010). In the 
case of water temperature, cyanobacteria are known to dominate over green algae and 
diatoms at high water temperatures, while diatoms dominate at lower water 
temperatures (Cairns, 1956). In this study, algae capable of akinete production were 
more common in the spring survey, while algae with smaller sized cell were more 
common in the autumn survey, possibly reflecting a temperature difference between the 
two surveys. Temperature affects metabolism and growth rates (Allan & Castillo, 
2007), therefore smaller sized cells may be more prolific in warmer temperatures due to 
their higher surface area to volume ratios (Winder et al., 2009). Conversely, lower 
temperatures can stimulate some cyanobacteria to produce akinetes (Carey et al., 2012).  
Despite a lack of difference in the overall levels of the two focal stressors (SIS and 
DIN), the algal communities differed in their response to these stressors in the two 
surveys, with a greater proportion of the response variables showing significant 
relationships to the stressors in the autumn survey compared to spring. Both stressors 
were similarly pervasive in autumn and spring; however, unimodal patterns were more 
common for DIN in autumn, and were more common for SIS in spring. Of the 37 
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response variables in the autumn survey, twelve showed unimodal relationships to DIN 
(including biomass, richness, four taxa and ten trait variables), whereas 8 showed 
unimodal relationships to SIS (biomass, cell density, five taxa and one trait variable). 
By contrast, in the spring survey only two of the 33 response variables showed 
unimodal relationships to DIN (two trait variables), while five showed unimodal 
relationships to SIS (richness, one taxa and three traits). Single-stressor responses were 
also more common in the autumn survey, but surveys had a similar number of multiple-
stressor responses (eight and seven variables responding to both stressors in autumn and 
spring, respectively). In the autumn survey, half of these multiple-stressor responses 
were additive and half were complex, while all multiple stressor responses in the spring 
survey were complex. 
3.5.4 The usefulness of species traits in understanding the response of stream algae 
While a similar proportion of multiple-stressor responses were observed for species 
traits and common taxa densities, a greater number of complex multiple-stressor 
responses were observed using algal traits (nine traits showed complex multiple-stressor 
patterns compared to only one taxon in the two surveys). This marked difference 
suggests that algal traits may be a more useful tool for detecting multiple-stressor 
effects (in support of my hypothesis (iii a)), as well as providing greater insights into the 
mechanisms behind responses in a multiple-stressor context as evidenced by the use of 
trait-based approaches in multiple-stressor studies of other organisms (Dolédec & 
Statzner, 2008; Townsend et al., 2008; Statzner & Bêche, 2010). Trait-based 
approaches are particularly useful for survey studies, where algal communities at 
different sampling sites may be highly variable in their composition and communities 
may be dominated by only a few common taxa. However, no support was found for 
hypothesis (iii b) (algal species traits will be more robust against seasonal changes than 
community or taxon variables), as neither species traits nor common taxa densities were 
particularly robust against seasonal changes. This was likely due to the fact that algal 
community composition differed strongly across the seasons, and stressor responses 
were therefore influenced by interspecific competition, an important driver of algal 
community composition (Lubchenco, 1978; Huston & Smith, 1987; Townsend, 1989; 
Stevenson et al., 1996). 
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Researchers often ignore soft-bodied algae, focusing on diatoms, because of the ease of 
identification and the aesthetic appeal of clean diatom frustules (Kelly, 2013). However, 
as shown in this study, soft-bodied algae can be an important component of the 
periphyton. Traits that are absent or rare in diatoms, such as spore formation (Souffreau 
et al., 2010) and nitrogen-fixation (Bellinger & Sigee, 2010), were found to have fairly 
strong relationships to the nutrient and sediment stressors in this study. By using a trait-
based approach other components of stream periphyton, including other algae and 
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4 Multiple-stressor effects of nutrient enrichment, fine sediment and 
a wide concentration gradient of the nitrification inhibitor DCD on 
stream benthic algae 
4.1 Summary  
Nitrification inhibitors are a useful tool for on-farm nitrogen management. In New 
Zealand, the application of Dicyandiamide (DCD) has been one of the most common 
and effective methods to reduce nitrogen losses from farmland as nitrate or nitrous 
oxide during the past decade. However, the effects of DCD on streams draining 
agricultural catchments are still largely unknown. In this experiment conducted in 
stream-fed, outdoor experimental setup consisting of 128 mesocosms, I examined the 
responses of stream benthic algae to a wide gradient of DCD concentrations along with 
two important known agricultural stressors, deposited fine sediment and nutrient 
enrichment, using a full factorial design. Eight levels of DCD (0 – 31 mg L-1), two fine 
sediment levels (with or without added sediment) and two nutrient levels (ambient and 
enriched) were tested. After a 3-week colonization period followed by a 3-week 
manipulative period, the responses of the benthic algal community were assessed at 
community, taxa and trait levels. Nutrient enrichment and sediment addition both had 
highly pervasive effects on the algal community. Nutrient enrichment had mainly 
positive effects whereas fine sediment had mainly negative effects, particularly on 
larger-celled and attached algae, while smaller and motile algae were more resilient. 
Complex interactions between nutrient enrichment and sediment addition were common, 
indicating that these stressors may affect the algal community through different 
mechanisms. In comparison to nutrients and sediment, DCD had very few, and weak, 
individual and multiple-stressor effects, even at two extreme concentrations (above 
levels that could be realistically observed in the environment). However, DCD had 
some interesting complex multiple-stressor effects; for example, a decrease in algal 
taxon richness occurred with rising DCD concentrations only when nutrients and 
sediment were added as well. These interactions indicate that, while DCD leaching from 
farmland may not be a problem in streams without other stressor impacts, DCD could 
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have some negative impacts on benthic algal communities in streams already affected 
by several other stressors, a scenario common in agricultural streams.  
4.2 Introduction 
Agricultural intensification is one of the greatest threats to freshwater biodiversity 
worldwide (Allan, 2004; Vörösmarty et al., 2010) and also in New Zealand (Moller et 
al., 2008). For example, dairy farming in New Zealand has increased and intensified 
considerably during the last few decades, incurring considerable environmental costs 
(Foote et al., 2015). In particular, with the intensification of dairy farming, pastures 
receive high inputs of nutrients (mainly nitrogen) through animal excreta (urine and 
faeces) along with industrial fertilisers (Smith et al., 1999; Allan, 2004). These high 
concentrations of inorganic nitrogen in the soil can lead to leaching of nitrate into 
waterways draining agricultural catchments as well as increased nitrous oxide emissions 
(Allan, 2004; Wilcock et al., 2008). One strategy to conserve soil nitrogen and enhance 
the efficiency of nitrogen supply to farm plants is the application of the nitrification 
inhibitor dicyandiamide (DCD). Prior to its removal from the market in 2013, the 
application of DCD to farmland had been increasing in New Zealand (Monaghan et al., 
2008; Wilcock et al., 2008). To reduce nitrogen losses from farmland as nitrate or 
nitrous oxide, DCD is applied to soils to slow nitrification, inhibiting the activity of 
ammonium-oxidising soil bacteria by deactivating the ammonium monooxygenase 
enzyme, blocking the conversion of ammonium to hydroxylamine (Moir et al., 2007). 
However, DCD is readily water soluble (23 g/L at 13°C; Wilcock et al., 2008) and 
therefore readily leached into waterways, and concentrations of 1 – 5 mg L-1 have been 
measured in two dairy farming streams in the North Island of New Zealand (Matthaei et 
al., 2014). Through the effects of DCD on ammonium-oxidising bacteria or via 
enrichment effects of the decay products of DCD (as DCD itself consists of organic 
nitrogen; formula C2H4N4), and thus the effects on in-stream nitrogen cycles, DCD may 
have significant impacts on stream ecosystems (Wilcock & Sorrell, 2007; Smith & 
Schallenberg, 2013). However, the effects of DCD on the ecology of farmland streams 
in New Zealand were unknown prior to the start of this research project.  
Streams draining agricultural catchment are impacted by multiple stressors, which may 
interact in complex ways to affect stream ecosystems. Therefore, it is important to not 
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only consider the single-stressor effects of stressors such as DCD, but also the 
possibility of DCD to interact with other stressors when affecting streams draining 
agricultural catchments. Two important agricultural stressors are increased 
concentrations of dissolved nutrients and increased quantities of deposited fine sediment 
(Allan, 2004). Both of these stressors are well known to have significant impacts on 
stream ecosystems (e.g. Ryan, 1991; Wood & Armitage, 1997; Smith et al., 1999; 
Burton & Johnston, 2010). This experiment studied the individual and combined effects 
of DCD, fine sediment and nutrient enrichment on stream benthic algal communities. 
While DCD effects on stream algae are unknown, the effects of nutrients and sediment 
are better understood. In general, nutrients act as a subsidy to algae and increase 
primary productivity when added in low to moderate concentrations (Biggs et al., 1998; 
Dodds, 2006), whereas high nutrient concentrations negatively affect certain algal 
species and thus change community composition (Horner et al., 1990; Biggs, 2000). 
Fine sediment is also known to greatly influence the algal community, through 
increased turbidity (resulting in decreased primary production) and transforming the 
substratum surface, possibly increasing habitat heterogeneity or smothering pre-existing 
algal biofilms (Wood & Armitage, 1997; Hancock, 2002; Allan, 2004). 
To determine individual and interactive effects of DCD, fine sediment and nutrient 
enrichment, I used an experimental setup (ExStream System) comprising 128 outdoor 
mesocosms (simulating small agricultural streams). The ExStream System offers a rare 
combination of strict control of experimental variables, excellent statistical power and a 
high degree of realism, such as permitting natural immigration and emigration of stream 
organisms (invertebrates, algae and microbes) and achieving the same water 
temperature, light conditions and water chemistry as the source river. The system has 
been used successfully in several major multiple-stressor experiments (e.g. Liess et al., 
2009; Lange et al., 2011; Wagenhoff et al., 2012; Magbanua et al., 2013a; Magbanua et 
al., 2013b; Wagenhoff et al., 2013; Piggott et al., 2015a; Piggott et al., 2015b; Piggott 
et al., 2015d). To investigate stressor effects on the algal community, I used a trait-
based approach in order to provide insights into the mechanisms behind observed 
responses. To my knowledge, this study is the first to apply the algal trait-based 
framework proposed by Lange et al. (2016) to experimental multiple-stressor data. My 
experiment tested three hypotheses:  
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(i) DCD addition will indirectly influence algal communities, via DCD 
inhibiting growth of ammonium oxidising bacteria or possible effects of the 
decay products of DCD contributing to nitrogen inputs;  
(ii) Nutrient enrichment and sediment addition will be influential stressors for 
the algal community, as observed in previous studies including the surveys 
in Chapter 3 of this thesis; 
(iii) Nutrient enrichment effects will interact with those of DCD addition due to 
the influence on the relative and absolute availability of different nitrogen 
species.  
4.3 Methods 
4.3.1 Experimental design 
The experiment was conducted in austral spring and early summer (30 October to 14 
December 2012) in an outdoor experimental setup consisting of 128 circular stream 
mesocosms continuously supplied with water from the nearby Kauru River (170°45.9′ E, 
45°6.4′ S, 98 m a.s.l). The Kauru, a 5th order river in the Otago province of New Zealand, 
drains a 124 km2 catchment dominated by tussock grassland and exotic pasture with 
low-intensity sheep and beef farming. The water was continuously pumped into eight 
header tanks, which gravity-fed 16 mesocosms at a constant flow rate of 1.88 L min-1 ± 
0.03 per mesocosm (mean ± SE; n = 16). Average water depth in the mesocosms was 
53.0 ± 0.03 mm (mean ± SE; n = 128, measured on day 6). The flow of streamwater 
allowed continuous immigration and emigration of drifting microorganisms, periphyton 
and invertebrates (Wagenhoff et al., 2012) able to pass the protective mesh at the pump 
intakes (mesh size 4.5 × 4.5 mm).  
To each mesocosm (inner diameter 5 cm, outer diameter 25 cm, volume 3 L), 0.5 L of 
coarse gravel (b-diameter: 2 – 20 mm, sieved to remove smaller particles) collected 
from the Kauru River floodplain was added. On top of this gravel 16 randomly selected 
flat stones (b-diameter: 30 – 40 mm) were placed, resulting in 20 – 30 mm depth prior 
to fine sediment addition. The experiment consisted of a 23-day colonisation period 
followed by a 21-day manipulative period. DCD (eight treatment levels) was 
manipulated at the header tank level, whereas nutrients and deposited fine sediment 
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(two treatment levels each) were manipulated at the mesocosm level. Within the eight 
DCD treatments (header tanks) nutrient, flow and fine sediment treatments were 
randomized. This resulted in a balanced full-factorial design with four replicates per 
treatment combination. Flow was started on on day 1 of the experiment and was left to 
run for 23 days prior to the addition of the stressors to allow colonisation by drifting 
organisms including algae and invertebrates. To enhance colonization by stream 
invertebrates underrepresented in the drift, additional invertebrates from the adjacent 
river were added seven days prior to the start of the manipulative period. These 
invertebrates were collected by kick-net sampling (frame 40 × 60 cm; 200 µm mesh) for 
3 min from 16 riverbed patches (area 0.36 m2 each, equivalent to the benthic area of 
eight mesososms). Each sample was divided into eight equal portions using an 
automated subsampler (Waters, 1969) and randomly distributed to mesocosms (one per 
header tank).  
On day 24 of the experiment, DCD level 0 was a control without any addition (DCD 
concentration zero). Target concentrations of DCD levels 1 – 7 were set along a log-
linear scale, with each level approximately 1.9 times the previous one (Figure 4.1). To 
achieve these concentrations, DCD was dissolved in 140 L holding tanks (refilled every 
3 – 11 days) and pumped into the header tanks using piston pumps (FMI 
CERAMPUMP® Model QBG, Fluid Metering Inc., Syosset, NY, U.S.A.) recalibrated 
daily. DCD concentrations in each treatment were measured on days 24, 38, 41 and 44 
using HPLC (Schwarzer & Haselwandter, 1996). Average concentrations achieved 
were: 0.58 ± 0.02, 1.27 ± 0.03, 2.45 ± 0.06, 4.94 ± 0.11, 8.18 ± 0.21, 16.13 ± 0.51, 
30.68 ± 0.62 mg L-1 (means ± SE; n = 64 each) (Figure 4.1). The lower five of these 
seven concentrations spanned the entire known range of DCD concentrations found in 
New Zealand streams (Matthaei et al., 2014). The two highest concentrations simulated 
“extreme” events such as uncontrolled surface runoff during heavy rainstorms affecting 
farm catchments where DCD had been applied shortly before. DCD was added 
continuously during the entire manipulative period of the experiment, simulating a 
“worst-case scenario” (sustained DCD leaching at similar concentrations from farmland 
soils). 
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Figure 4.1. Average concentrations of DCD (mg L-1) measured on days 24, 38, 41, and 44 of the 
experiment in each of the eight DCD treatments (control = 0, and DCD levels 1 – 7). Note that 
the two highest concentrations represent simulated “extreme” events (for more information see 
text). 
For the nutrient treatments, concentrated solutions of NaNO3 and KH2PO4 were applied 
to half of the mesocosms at a constant drip rate of 2 L hour-1 with pressure-
compensating drippers (RXLD2SC, RX Plastics, Ashburton, NZ). Dissolved nutrient 
levels were measured on days 24, 38, 41 and 44 using standard methods (APHA, 1998). 
Mean concentrations in the 64 nutrient enriched mesocosms were 2814.7 ± 40.8 µg L-1 
dissolved inorganic nitrogen (DIN-N) and 218.0 ± 3.2 µg L-1 dissolved reactive 
phosphorus (DRP-P) (means ± 1 SE; n = 256) in nutrient enriched mesocosms, 
reflecting high but realistic nutrient levels in New Zealand farmland streams 
(Wagenhoff et al., 2011). The 64 non-enriched mesocosms (ambient nutrients) had 
average concentrations of 63.1 ± 2.3 µg L-1 DIN-N and 4.9 ± 0.1 µg L-1 DRP-P (means 
± 1 SE; n = 256). 
For sediment treatments, flow was briefly interrupted and 500 g of fine inorganic river 
sediment sourced from the floodplain of the Taieri River (mean particle size 0.2 mm; 
Matthaei et al., 2006) was added on day 24 to half of the mesocosms. Fine sediment 
depth (the average of four measurements per mesocosm) and sediment cover (estimated 
visually) were measured on day 34 and day 44. Sediment addition resulted in an 
average fine sediment depth of 4.8 ± 0.2 mm and 74.5 ± 1.4 % cover of the substratum 
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4.3.2 Biofilm sampling and laboratory processing 
On day 44 of the experiment, biofilm samples were taken (the experiment was run for 
two further days in order to collect fine sediment and invertebrate community samples 
for a companion study). For the 64 mesocosms without added fine sediment, three of 
the 16 surface stones were randomly selected and placed in sealed plastic containers. 
For mesocosms with added fine sediment, the biofilm layer (including the top 2 mm of 
sediment) from within a plastic ring (inner diameter of 38 mm) placed at three random 
locations within the mesocosm was pipetted into a plastic container. These two biofilm 
sampling methods have been shown to have no systematic influence on measures of 
algal biomass or cell densities (Magbanua et al., 2013a; Piggott et al., 2015b). 
All 128 samples were transported on ice in the dark to a -20 °C freezer in the laboratory 
where they were frozen until further analysis. Following thawing, stone samples were 
scrubbed for 30 sec over the entire surface area of each stone and rinsed into a container. 
The surface area of each stone was calculated using the following formula: 1.59 + 0.811 
(xy + yz + xz), where x, y and z are the lengths (in cm) of the stone’s three main axes 
(Biggs & Kilroy, 2000). This formula includes an adjustment for the average area of the 
stone (~65 %) that would protrude into the water and available to be colonised by 
periphyton. 
All samples were then homogenised using a blender (Omni Mixer, Ivan Sorval Inc., 
Newton, CT, U.S.A.) for one minute, and sample volume adjusted to 50 – 90 ml with 
milli-Q water. One subsample (1 – 4 ml, proportional to periphyton biomass) of the 
homogenate was concentrated onto pre-combusted GF/C filters using a vacuum pump 
and chlorophyll a (mg m-2) was subsequently determined spectrophotometrically using 
the protocol described by Biggs & Kilroy (2000). A second sub-sample (10 mL) was 
preserved for algal community taxonomic composition analysis using formalin (final 
concentration 3 %). Aliquots of each sub-sample were transferred to a 2 mL 
sedimentation chamber and examined at 400 × magnification under a microscope 
(Olympus BX 51, Olympus Corporation, Tokyo, Japan). A minimum of 300 individual 
algal cells or units (10 µm long units where filamentous algae or cyanobacteria had 
small cells; see Lange et al., 2016) were counted and identified to the lowest practical 
taxonomic level (usually species) using standard keys (Biggs & Kilroy, 2000; Bellinger 
& Sigee, 2010). Within the subsequent text, for simplicity I use the term ‘algae’ to refer 
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to both algal and cyanobacterial taxa. Taxa were assigned to categories within the seven 
traits (with 23 trait categories) proposed by Lange et al. (2016) in their trait-based 
framework for stream algal communities (see also Chapter 3 of this thesis). Taxa 
present in more than 50 % of the mesocosms and making up more than 1 % of the total 
individuals counted (all samples combined) were considered to be common and 
widespread. Algal cell count data were used to calculate total algal cell density (per 
square mm), taxon richness, Simpson’s diversity and evenness, cell densities of the 
common taxa and relative abundances of the different trait categories. See Table A1 in 
the appendix for a full list of algal taxa and trait classifications. 
4.3.3 Statistical analysis 
To assess the stressor effects on the algal community-level variables (biomass, cell 
density, taxon richness and evenness) and trait categories, General Linear Model 
(GLM) analyses were run using R (version 3.1.3; R Core Team, 2015). The model 
included sediment and nutrients as fixed categorical predictors (with two levels each), 
DCD (average concentration measured for each mesocom) as a continuous predictor, as 
well as the interactions between the predictor variables. For algal community 
composition, a multivariate GLM with the equivalent model was run on the common 
and widespread taxa. The level of significance for all tests was P < 0.05, and all results 
reported in the text were significant. For the multivariate GLM, P-values reported are 
for the Pillai’s Trace Statistic. Standardized effect sizes (partial eta square values, range 
0-1; Garson, 2012) are presented for all findings with P < 0.10 to allow readers to 
evaluate the biological relevance of results (Nakagawa, 2004). Significant interactions 
were classed as synergistic or antagonistic according to Piggott et al. (2015c). 
4.4 Results 
4.4.1 Algal community response variables  
Sediment and nutrients both had pervasive effects on algal community response 
variables (including sediment × nutrient interactions for three of the four variables). By 
contrast, DCD had no single-stressor effects but showed some weak interactive effects 
with other stressors. Chlorophyll a biomass and total cell density were affected 
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negatively by sediment addition and positively by nutrient enrichment, with a greater 
positive response to nutrient enrichment when no sediment was added (Table 4.1, 
Figure 4.2). Cell density also had a very weak sediment × DCD interaction, with cell 
density decreasing slightly more markedly in response to increasing DCD 
concentrations when no sediment was added. Total algal taxon richness also increased 
with nutrient enrichment and showed a DCD × nutrient interaction and a three-way 
interaction between all stressors, with a decrease in richness with rising DCD levels 
occurring only when nutrients and sediment were added as well. Community evenness 
was decreased by sediment addition and this response was exacerbated slightly by the 
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Figure 4.2. Community response variables: algal biomass (mg Chlorophyll a m-2), cell density 
(mm-2), taxon richness and evenness in the experimental treatment combinations. Error bars 
represent standard errors (n = 4 for each treatment combination). Text in the boxes indicates any 
significant effects along with the level of significance (P < 0.001 = ***, P < 0.01 = **, P < 0.05 
= *), as well as the direction (- or +) for the main effects. Abreviations: Nut = Nutrients, Sed = 
Sediment. 
4.4.2 Common taxa 
The benthic algal community was dominated by 15 common taxa (> 1 % community 
and present in > 50 % of mesocosms), in particular the diatoms Cymbella kappii, 
Fragilaria vaucheriae, Gomphonema minutum and Nitzschia palea (Table 4.2). Algal 
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community composition was most strongly affected by sediment then nutrients, and also 
moderately affected by the interaction between sediment and nutrients (Table 4.1, 
multivariate GLM results). Ten common taxa (Achnanthidium minutissimum, Cymbella 
kappii, Encyonema minuta, Fragilaria vaucheriae, Gomphoneis minuta, Gomphonema 
minutum, Melosira varians, Rossithidium spp., Synedra spp. and Tabellaria flocculosa) 
showed negative responses to sediment. Seven common taxa (F. vaucheriae, 
Gomphoneis minuta, G. minutum, M. varians, Nitzschia palea, Rossithidium spp. and 
Scenedesmus spp.) showed positive responses to nutrients, whereas one taxon (T. 
flocculosa) decreased with nutrient enrichment. DCD had no single-stressor effects 
(Table 4.1). 
The most common interaction was the sediment × nutrients interaction, which affected 
nine common taxa (average effect size [ES] = 0.10) (Table 4.1, Figure 4.3). Eight of 
these taxa (A. minutissimum, E. minuta, Fragilaria capucina, F. vaucheriae, G. 
minutum, M. varians, Scenedesmus spp. and Synedra spp.) showed a greater positive 
response to nutrient enrichment when sediment was not also added. By contrast, cell 
density of Phormidium spp. was increased where sediment was added but nutrients 
were not enriched. Two taxa (Cymbella kappii and Fragilaria capucina) also had 
significant, although very weak, DCD × sediment interactions, showing weak negative 
responses to increasing DCD concentrations when no sediment was added. One taxon 
(Melosira varians) showed a very weak DCD × nutrient interaction, with a negative 
response to increasing DCD concentrations when nutrients were enriched. Only one 
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Table 4.2. Abundance (percent of total cell density) and prevalence (percent of mesocosms in 
which the taxon was found) of the 15 most common and widespread algal taxa. For naming 
authorities of algal species see Table A1 in the appendix. 
 % Cell density % Mesocosms present 
Cymbella kappii 13.7 100 
Fragilaria vaucheriae 13.1 100 
Gomphonema minutum 11.4 100 
Nitzschia palea 11.3 99.2 
Encyonema minuta 5.9 98.4 
Synedra acus / ulna 5.7 99.2 
Scenedesmus 4.9 61.7 
Melosira varians 3.5 83.6 
Achnanthidium minutissimum 3.5 99.2 
Fragilaria capucina 3.0 97.7 
Tabellaria flocculosa 2.8 67.2 
Phormidium spp. 2.7 60.2 
Rossithidium spp. 2.1 93.8 
Gomphonema clavatum 1.3 89.8 
Gomphoneis minuta var. cassieae 1.1 95.3 
Total 85.9  
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Figure 4.3. Cell density (mm-2) of the common taxa that showed complex multiple-stressor 
responses the experimental treatment combinations. Error bars represent standard errors (n=4 
for each treatment combination). Text in the boxes indicates any significant effects along with 
the level of significance (P < 0.001 = ***, P < 0.01 = **, P < 0.05 = *), as well as the direction 
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4.4.3 Biological traits 
The overall relative abundances of the algal trait categories present in the experiment 
are shown in Table 4.3. Nano-sized cells (5 ≤ 100 µm3) showed a complex response to 
sediment and nutrients, increasing in relative abundance when either sediment or 
nutrients were added but not in combination (Table 4.4, Figure 4.4) Micro-sized cells 
(100 ≤ 300 µm3) increased in relative abundance with both sediment and nutrients. 
Meso-sized cells (300 ≤ 600 µm3) showed a double-negative antagonistic response, 
decreasing with both nutrients and sediment (with the combined effect less negative 
than predicted additively). Macro-sized cells (600 ≤ 1500 µm3) also decreased with 
sediment, while effects on very large cells (> 1500 µm3) were very weak (increase with 
nutrients and decrease with increasing DCD concentrations). 
Unicellular algae, which made up the majority of cells, decreased in relative abundance 
with nutrient enrichment but only when no sediment was added. Colonial cells 
increased with nutrient enrichment, but this positive effect was decreased by added 
sediment. Filamentous algae decreased with both sediment and nutrients. 
Algae with low profile or no fixation structure responded positively to both sediment 
and nutrients. By contrast, medium algae (attached) decreased with both sediment and 
nutrients, and high algae (tightly attached) decreased with sediment and also (albeit 
very weakly) with increasing DCD concentrations. 
Nitrogen-fixing algae made up only a very small fraction of the community. These 
algae showed a generally positive response to increasing DCD concentrations when 
either nutrients or sediment were added but not when both were added (3-way 
interaction). 
Algae that were attached and non-motile responded negatively to sediment, whereas 
algae with gliding motility responded positively to sediment. Algae with drift motility 
responded negatively to sediment but positively to nutrient enrichment. 
Algae reproducing via fission made up the vast majority of the community and 
increased in relative abundance with nutrient enrichment, especially where sediment 
was also added (positive antagonistic sediment × nutrient interaction). By contrast, the 
remainder of algae, which reproduced via fragmentation, decreased with nutrient 
enrichment. 
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Algae without spores, which dominated the algal community, increased in relative 
abundance with sediment addition and decreased with nutrient enrichment. Those 
capable of akinete production increased with nutrient enrichment; however, this positive 
effect was weakened by the addition of sediment. Algae with oospores and zygospores 
decreased with sediment addition. 
Table 4.3. Total relative abundances (%) of the seven biological algal traits with the 23 trait 
categories. Note that relative abundances within each trait total 100 %. 
Functional trait Trait category Relative abundance (%) 
Cell size: nano (5 ≤ 100 µm3) 14.6 
 micro (100 ≤ 300 µm3) 35.6 
 meso (300 ≤ 600 µm3) 31.7 
 macro (600 ≤ 1500 µm3) 7.5 
 very large (> 1500 µm3) 8.1 
   
Life form: colonial 19.1 
 filamentous 14.8 
 unicellular 66.2 
   
Attachment to 
substratum: 
low - no fixation structure 47.8 
medium - attached 45.4 
 high - tightly attached 6.8 
   
Nitrogen fixation: yes 0.4 
   
Motility: attached 69.7 
 gliding 17.4 
 drift 13.0 




 fragmentation 8.5 
   
Spore formation: none 88.9 
 akinetes 5.9 
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Figure 4.4. Trait categories (%) that showed complex multiple-stressor responses to the 
experimental treatment combinations. Error bars represent standard errors (n = 4 for each 
treatment combination). Text in the boxes indicates any significant effects along with the level 
of significance (P < 0.001 = ***, P < 0.01 = **, P < 0.05 = *), as well as the direction (- or +) 
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4.5 Discussion 
4.5.1 DCD effects 
In this experiment, investigating the individual and interactive effects of DCD, nutrient 
enrichment and fine sediment on stream algal communities, DCD was the least 
pervasive stressor overall (in terms of size and prevalence of effects). In comparison, 
fine sediment and nutrient enrichment had much stronger, more pervasive effects. 
Single-stressor effects of DCD were rare, with no significant effects on algal 
community response variables or common algal taxa. Regarding biological traits, the 
relative abundances of algae with very large sized cells and tightly attached algae 
decreased with rising DCD concentrations, although these negative effects were very 
weak. Altogether, these findings provide little support for hypothesis (i), predicting that 
DCD would indirectly influence the algal community. Interactions between DCD and 
the two other stressors were also rare and likewise very weak. There was an almost 
complete lack of DCD by nutrient interactions and DCD and nutrient enrichment did 
not affect the algal community in the same direction, i.e. most of the effects of nutrient 
enrichment were positive whereas the few effects of DCD were negative. This 
difference implies that DCD did not affect the algal community through enrichment 
effects of DCD decay products (Wilcock et al., 2008), possibly due to the rapid water 
turnover rates (less than 2 minutes) in the experimental mesocosms. More likely, the 
algal community was influenced through DCD effects on the bacterial community, for 
example, by inhibiting the activity of ammonium-oxidising bacteria (O’Callaghan et al., 
2010; Morales et al., 2015). Consequently, the effects of DCD on stream bacterial 
communities should be investigated (see Chapter 6 of the present thesis), because such 
effects could result in longer-term effects on stream nutrient cycling, metabolic 
processes and other ecosystem functions (Cotner & Biddanda, 2002; Battin et al., 2003; 
Zeglin, 2015). 
4.5.2 Single-stressor effects of nutrients and sediment 
In comparison to DCD, nutrient enrichment and sediment addition had very pervasive 
effects on the algal community in this experiment. Nutrient enrichment had mainly 
positive effects, increasing chlorophyll a biomass, total cell density, total taxon richness, 
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and densities of seven of the fifteen most common algal taxa. This finding indicated that, 
despite the reasonably high nutrient concentrations used in this experiment, overall 
nutrient enrichment stimulated primary productivity, increased algal biodiversity and 
produced subsidy effects for the almost half the common algal taxa (Biggs et al., 1998; 
Chételat et al., 1999). These results were consistent with those of a previous mesocosm 
experiment conducted in the same setup during the same time of year with similar levels 
of nutrients (Piggott et al., 2015b). Position within the biofilm matrix determines access 
to resources such as nutrients and light, with low profile algal taxa often dominating in 
low-nutrient environments, while those that can elevate themselves above the rest (e.g. 
stalked diatoms with tall growth, filamentous algae and motile taxa) and improve their 
access to resources are more competitive and proliferate with increased resource levels 
(Passy, 2007b; Schneck et al., 2011), as seen in other studies (Snelder et al., 2014; 
Piggott et al., 2015b; Lange et al., 2016). Interestingly, the opposite patterns were found 
in my experiment, with nutrient enrichment favouring colonial algae with low growth or 
no fixation structure, whereas filamentous algae were reduced in relative abundance 
with nutrient enrichment. Reproduction via fission (typical of diatoms) was favoured 
over the slower reproduction via fragmentation (typical of filamentous algae). However, 
overall filamentous algae were not particularly common, but rather the algal community 
was dominated by single-celled diatoms. Therefore, the less abundant filamentous algae, 
which float on top of the biofilm matrix may have greater access to resources where 
nutrient levels were lower. However, increased nutrients levels, may result in less 
competition for the resource, allowing other algae to proliferate. Furthermore, spore 
production may assist in enabling taxa to tolerate low nutrients conditions (Agrawal, 
2009). 
Fine sediment had mainly negative effects on the algal community, reducing biomass as 
chlorophyll a, total cell density, community evenness, as well as the densities of ten of 
the fifteen most common taxa. Among algal traits, algae with larger cells, filamentous 
algae, algae attached or capable of drift and those capable of producing spores were all 
negatively affected by fine sediment. This suggests that adding fine sediment created an 
environment that was not favorable for these taxa. Algae with larger cells tend to have 
slower growth rates compared to smaller-celled algae and may therefore be less resilient 
to the changes in substratum created by the deposition of fine sediment (Biggs et al., 
1998; Passy, 2007b). Attached algae tend to be more vulnerable to fine sediment 
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deposition compared to algae capable of gliding motility, which can avoid burial and 
recolonise the substratum more rapidly than their attached counterparts (e.g. Wagenhoff 
et al., 2013; Lange et al., 2016). Interestingly, in the mesocosm experiments by Piggott 
et al. (2015b) and Magbanua et al. (2013a) in the same experimental setup, which both 
tested similar levels of fine sediment deposition and were conducted during the same 
season (Austral spring/early summer), sediment had mainly positive effects on the algal 
communities. These contrasting responses may be due to inter-annual differences in the 
colonising communities prior to the experimental manipulations, which may have led to 
different interspecific competition dynamics modifying algal community responses to 
the two manipulated abiotic stressors. For example, filamentous algae and algae with 
larger cells (trait categories negatively affected by sediment) were relatively less 
abundant in the experiment by Piggott et al. (2015b) than in the current experiment. 
(See also Chapter 3 in my thesis for a somewhat similar contrast due to seasonal 
differences in two observational studies of the same streams). 
4.5.3 Stressor interactions 
Multiple-stressor effects of sediment and nutrients were the most common, affecting 
69 % of all 39 algal response variables. One third of these multiple-stressor responses 
were simply additive (i.e. no significant interaction term), indicating that these stressors 
can act through different mechanisms. However, the remaining multiple-stressor 
responses were complex interactions. The most common of these interactions was a 
greater positive response to nutrient enrichment when no sediment was added (12 out of 
27 cases: algal biomass, total cell density, densities of eight common taxa, as well as 
colonial algae and those capable of producing akinetes). Conversely, a negative effect 
of nutrient enrichment when no sediment was added was seen in one case (unicellular 
algae) and a positive effect of sediment where no nutrients were added was seen in 
another (the cyanobacterium Phormidium spp.). Antagonistic multiple-stressor 
responses were also present, with meso-sized cells showing a double-negative 
antagonistic response (less negative than predicted additively) and algae reproducing 
via fission showing a positive antagonistic response (less positive than predicted 
additively). Finally, a negative synergistic interaction (more negative than predicted 
additively) was also present in one case (community evenness). These complex 
interactions between nutrients and sediment were reasonably common, indicating that 
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these stressors can also act through similar mechanisms and therefore share a fraction of 
the biological response or exacerbate it (Folt et al., 1999; Crain et al., 2008), e.g. 
through nutrients and sediment both affecting resource availability.  
While interactions of DCD with the other two stressors were quite rare and their overall 
effect size was very small, some of the DCD-related patterns within certain sediment or 
nutrient treatments were actually reasonably strong and generally negative. For example, 
DCD had a negative effect on algal taxon richness in mesocosms where both fine 
sediment and nutrients had been added. Similarly, the common diatom Melosira varians 
was negatively affected by DCD in mesocosms with nutrients added, while nitrogen-
fixing algae were positively affected by DCD when either nutrients or sediment were 
added but not when both were added. These results imply that while DCD may not be a 
problem in streams exposed to no or few other stressors, its effects appear to be more 
severe in streams already affected by both sedimentation and nutrient enrichment. This 
is important from a resource management perspective as streams draining intensive 
dairy farming catchments, where DCD application is most widely used, typically have 
both high nutrient levels and high fine sediment levels.  
This experiment demonstrated how DCD and the important agricultural stressors fine 
sediment and nutrient enrichment may act, and interact, when applied in a multiple-
stressor scenario simulating small farmland streams in New Zealand. The main results 
demonstrated that, while DCD has rather minor effects on the algal community 
compared to nutrient enrichment and fine sediment deposition, it can nevertheless have 
some complex effects on the algal community which need to be taken into consideration. 
DCD may be a relatively benign stressor when assessed in a single-stressor context, as 
even at extreme concentrations, beyond levels that could be realistically observed in 
agricultural streams, DCD had a relatively small influence on the algal community. 
However, the results of this experiment do raise some concerns regarding the effects of 
DCD in a more realistic multiple-stressor context. In particular, while DCD may not be 
a problem in fairly “clean” streams, it could have more detrimental impacts in streams 
already affected by several other agricultural stressors. Furthermore, it is possible that 
my experiment underestimated the effects of DCD on the algal community due to the 
relatively short-term nature of this experiment (a 3-week manipulative period). 
Therefore, resource managers need to consider the overall ecological condition of 
streams draining farmland where DCD is intended to be applied, especially whether 
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other stressors are likely to be at work, and whether the benefits of DCD as a tool for 
on-farm nitrogen management through decreasing nitrate leaching are likely to 
outweigh the potential ecological costs due to leaching of DCD itself.  
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5 Multiple-stressor effects of DCD pulses, nutrients, sediment and 
flow velocity on stream benthic algae: a four-stressor mesocosm 
experiment  
5.1 Summary 
This experiment builds on the study described in the previous chapter (Chapter 4) and 
was conducted in the same stream-fed, outdoor setup consisting of 128 mesocosms. In 
this experiment, I examined the responses of stream benthic algae to the individual and 
combined effects of four agricultural stressors, using a full factorial design: the 
nitrification inhibitor dicyandiamide (DCD), fine sediment deposition, nutrient 
enrichment and flow velocity reduction (simulating water abstraction for irrigation). 
DCD treatments included a control (no DCD), constant application (1.4 mg L-1) and two 
pulsed treatments (with peaks of 4 mg L-1 and 2.7 mg L-1) mimicking DCD 
concentration pulse patterns measured in real farmland streams. After a 27-day 
colonization period followed by a 27-day manipulative period, the responses of the 
benthic algal community were assessed at the community, taxon and trait levels. 
Deposited fine sediment had the most pervasive effects, followed by flow velocity 
reduction, both of which had mainly negative effects on the algal community. 
Interactions between these stressors were also the most common. With one exception, 
interactions among the four stressors were restricted to two-way interactions, an 
encouraging result because three-way and four-way interactions are often hard to 
interpret. Nutrient enrichment was a less pervasive stressor than sediment or flow 
velocity reduction, with fewer significant responses and smaller effect sizes, but algal 
responses to enrichment were mainly positive. DCD addition at realistic concentrations 
and in realistic pulses was the least pervasive stressor, even when acting in combination 
with other stressors. In just one case (for the trait ‘algae with gliding motility’), DCD 
effects became more negative when DCD was combined with deposited fine sediment 
or reduced flow velocity. These results add further weight to the conclusion made in 
Chapter 4 that DCD may be a fairly benign stressor for benthic algae in farmland 
streams. Finally, when interpreting algal response patterns, biological traits were 
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particularly helpful in identifying potential mechanisms driving the observed changes in 
algal densities and community composition. 
5.2 Introduction 
Freshwater ecosystems are highly influenced by their surroundings and are therefore 
strongly impacted by anthropogenic activities (Allan, 2004). In particular, the 
intensification of agriculture is one of the greatest the threats to freshwater ecosystems 
(Vörösmarty et al., 2010). Streams draining agricultural catchments are affected by 
stressors such as: elevated levels of nutrients, deposited fine sediment, chemical inputs 
and water abstraction for irrigation. Such streams are frequently subjected to multiple 
stressors acting simultaneously (Jackson et al., 2016). These stressors may also interact 
in complex ways, resulting in unexpected outcomes (Folt et al., 1999). 
Nutrient enrichment has pervasive effects on total algal productivity and community 
structure. At low to moderate concentrations, nutrients often increase primary 
productivity and act as a subsidy to nutrient-limited benthic algal taxa in running waters 
(Biggs et al., 1998), leading to increases in total taxon richness and community 
evenness (Stevenson et al., 2008). By contrast, high nutrient concentrations generally 
have negative effects with regard to richness and evenness, causing nutrient-tolerant 
taxa to dominate (Biggs, 2000). One method to reduce nitrogen leaching from farmland 
soils, a key cause of nutrient enrichment in agricultural streams, is the on-farm 
application of nitrification inhibitors such as dicyandiamide (DCD) (e.g. Zacherl & 
Amberger, 1990; Di & Cameron, 2002; Moir et al., 2007). However, DCD itself is 
readily water soluble and consequently leached from pasture soils (Wilcock et al., 2008), 
with the potential to disrupt nitrification in freshwater systems (Smith & Schallenberg, 
2013), including indirect effects on the algal communities.  
The deposition of surplus fine sediment, another consequence of intensive agriculture 
(Walling & Fang, 2003; Newson, 2008), is known to have strong effects on stream algal 
communities, for example by transforming the substratum or even smothering pre-
existing biofilms (Wood & Armitage, 1997; Hancock, 2002; Allan, 2004). Water 
abstraction for irrigation, and the associated reduction in stream flow, is another 
agricultural stressor that can have strong impacts on stream algal communities (Lamb & 
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Lowe, 1987). As well as reducing shear stress effects on the biofilm (Stevenson et al., 
1996), the reductions in water discharge and flow velocity (Dewson et al., 2007) can 
increase boundary layer thickness of the substratum (Lemly, 1982), reducing the 
exchange of nutrients and oxygen between water column and biofilm (Stevens & Hurd, 
1997; Eriksson, 2001; Battin et al., 2003). Several recent studies have reported 
interactive effects of fine sediment deposition and nutrient enrichment on stream algal 
communities (e.g. Wagenhoff et al., 2013; Piggott et al., 2015b). While water 
abstraction has been shown to interact with fine sediment deposition and nutrient 
enrichment to affect stream macroinvertebrates (Matthaei et al., 2010), its effects on 
stream algae have been studied only in a field survey (Lange et al., 2016), and not in a 
controlled experiment. Likewise, the potential interactive effects of DCD on stream 
algae were completely unknown before the start of this PhD project. 
The present experiment builds on the study described in the previous chapter (Chapter 
4) and was conducted in the same mesocosm setup, the ExStream System. The 
experiment was specifically aimed at testing the effects of DCD application in a realistic 
multiple-stressor setting, by mimicking DCD concentration pulse patterns measured in 
small dairy farming streams (versus the constant concentrations including very high 
levels simulating a “worst-case scenario” applied in the previous experiment) and 
combining them with other stressors known to affect agricultural streams. Consequently, 
I investigated the individual and combined effects of DCD pulsed treatments in 
combination with three key agricultural stressors, fine sediment deposition, nutrient 
enrichment and flow velocity reduction. To my knowledge, this is the first study 
manipulating four agricultural stressors simultaneously in a fully crossed experimental 
design. Based on findings of the previous related research presented above and in the 
Introduction of Chapter 4, I hypothesised that: 
(i) DCD will affect the algal community indirectly, through effects on the target 
bacteria or the influence of DCD decay products on nutrient inputs; 
(ii) Reductions in flow velocity (simulating water abstraction) will change algal 
community structure; 
(iii) Fine sediment addition and nutrient enrichment will have similar effects on 
the algal community as in the previous experiment, with nutrients having 
mainly positive effects and sediment having mainly negative effects; 
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(iv) The four stressors will interact to affect the algal community. For example, 
the effects of DCD will be exacerbated by the effects of the other stressors 
(see Chapter 4), and negative effects of fine sediment will interact 
synergistically or antagonistically with the effects of nutrients and flow 
velocity reduction. 
5.3 Methods 
5.3.1 Experimental design 
This experiment was run in austral autumn (3 April to 27 May 2013) in an outdoor 
experimental setup comprising 128 circular stream mesocosms continuously supplied 
with water from the nearby Kauru River (170°45.9′ E, 45°6.4′ S, 98 m a.s.l). The Kauru, 
a 5th order river in the Otago province of New Zealand, drains a 124 km2-catchment 
dominated by tussock grassland and exotic pasture with low-intensity sheep and beef 
farming. The water was continuously pumped into eight header tanks, which gravity-fed 
16 mesocosms at a constant flow rate of 2 L min-1 ± 0.03, resulting in a total of 128 
mesocosms or experimental units. The flow of stream water allowed continuous 
immigration and emigration of drifting microorganisms, periphyton and invertebrates 
(Wagenhoff et al., 2012) able to pass the protective mesh at the pump intakes (mesh 
size 4.5 × 4.5 mm).  
To each mesocosm (inner diameter 5 cm, outer diameter 25 cm, volume 3 L), 0.5 L of 
coarse gravel (b-diameter: 2 – 20 mm, sieved to remove smaller particles) collected 
from the Kauru River floodplain was added, resulting in 20 – 30 mm depth prior to fine 
sediment addition. On top of this gravel, two unglazed terracotta tiles (50 × 50 × 13 
mm) were placed to provide a standardized surface for biofilm colonization, along with 
four leaf litter packs (analysed in a companion study, Bruder et al., 2015).  
The experiment consisted of a 27-day colonisation period with established flow velocity 
treatments (day 1 to day 27) followed by a 27-day manipulative period with additional 
nutrient, fine sediment and DCD treatments (day 28 to day 55). DCD (four treatment 
levels) was manipulated at the header tank level, whereas nutrients, deposited fine 
sediment and flow velocity (two treatment levels each) were manipulated at the 
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mesocosm level. DCD treatments (i.e. header tanks) were randomized within two 
experimental blocks consisting of four header tanks and 64 mesocosms each. Nutrient, 
flow and fine sediment treatments were then randomized within the DCD treatments. 
This resulted in a balanced full-factorial design with four replicates per treatment 
combination. 
Flow velocity treatments were established on day 1 of the experiment (3 April 2013) 
and recalibrated daily, resulting in an average flow velocity of 0.128 ± 0.003 m s-1 in the 
“fast” treatment and 0.013 ± 0.001 m s-1 in the “slow” treatment (means ± SE, measured 
in each mesocosm on days 12 and 25; Flo-Mate, model 2000, Marsh-McBirney Inc., 
Frederick, Maryland, U.S.A), equivalent to run or pool habitats in small farmland 
streams (Matthaei et al., 2006). These two flow velocity treatments were established by 
using a smaller inflow-jet diameter for fast treatments (4.2 versus 10.0 mm inner 
diameter) while keeping discharge the same for both treatments. This avoided 
confounding effects on DCD or nutrient concentrations and on un-manipulated 
physicochemical (e.g. water temperature, dissolved oxygen) and biological variables 
(e.g. drift of microbes, algae and invertebrates).  
On day 28 of the experiment, the DCD, nutrient enrichment and sediment treatments 
were started. The four DCD treatments included a control (where no DCD was added 
and DCD concentrations were zero), a constant concentration of 1.38 ± 0.06 mg L-1 
(means ± SE; measured on days 29, 31, 35, 37, 41 and 53) and two pulsed treatments. 
The two treatments applied in pulses had different peak concentrations (target peaks - 
high pulse: 4 mg L-1 and low pulse: 2.68 mg L-1) and different frequencies with the high 
pulse repeating every 13 days and the low pulse repeating every seven days (Figure 5.1). 
These peaks were based on DCD concentrations measured after rainfall events in two 
first-order streams draining a dairy farm in the North Island of New Zealand (Matthaei 
et al., 2014). To achieve these concentrations, DCD was dissolved in 140 L tanks and 
pumped into header tanks using piston pumps (FMI CERAMPUMP® Model QBG, 
Fluid Metering Inc., Syosset, NY, U.S.A.) recalibrated daily. 
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Figure 5.1. Target DCD concentrations (mg L-1) in the three different DCD treatments (constant, 
high pulse, low pulse) over the course of the experiment. 
 
For the nutrient treatments, concentrated solutions of NaNO3 and KH2PO4 were applied 
to half of the mesocosms at a constant drip rate of 2 L h-1 with pressure-compensating 
drippers (RXLD2SC, RX Plastics, Ashburton, NZ). Dissolved nutrient levels were 
measured on days 28, 41 and 52 using standard methods (APHA, 1998). Mean 
concentrations in the 64 nutrient-enriched mesocosms were 2792.9 ± 71.2 µg L-1 DIN-N 
and 216.1 ± 6.1 µg L-1 DRP-P (means ± SE; n = 192) in nutrient enriched mesocosms, 
reflecting high but realistic nutrient levels in New Zealand farmland streams 
(Wagenhoff et al., 2011). The 64 non-enriched mesocosms (ambient nutrients) had 
average concentrations of 124.5 ± 8.2 µg L-1 DIN-N and 15.4 ± 2.0 µg L-1 DRP-P 
(means ± SE; n = 192). 
For sediment treatments, flow was briefly interrupted and 500 g of fine inorganic river 
sediment sourced from the floodplain of the Taieri River (mean particle size 0.2 mm; 
Matthaei et al., 2006) was added to half of the mesocosms. Fine sediment depth (the 
average of four measurements per mesocosm) and sediment cover (estimated visually) 
were measured on day 46. Sediment addition resulted in an average fine sediment depth 
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To enhance colonization by stream invertebrates underrepresented in the drift, 
additional invertebrates from the adjacent river were added four days prior to the start of 
the manipulative period (i.e. day 24). Invertebrates were collected by kick-net sampling 
(frame 40 × 60 cm; 200 µm mesh) for 3 min from 16 riverbed patches (area 0.36 m2 
each, similar to the benthic area of eight mesocosms). Samples for the fast and slow 
flow velocity treatments were collected in fast (centre) and slow flowing (margins) 
areas of the same riffle for the respective flow treatments. Each sample was divided into 
eight equal portions using an automated subsampler (Waters, 1969) and randomly 
distributed to mesocosms (one per header tank).  
5.3.2 Biofilm sampling and laboratory processing 
On days 54 and 55 of the manipulative period, the 128 mesocosms were sampled for 
benthic algae (one block with 64 mesocosms per day). The two periphyton tiles per 
mesocosm were collected, individually put on ice, transported to the laboratory and 
stored in the dark at -20°C until processing. Following thawing, all periphyton from the 
top surface of the tiles from each mesocosm were scraped into a container using a 
toothbrush, rinsed with milli-Q water, and any associated invertebrates were removed. 
Each sample was homogenised using a blender (Omni Mixer, Ivan Sorval Inc., Newton, 
CT, U.S.A.) for one minute, and sample volume was adjusted to 40 ml with Milli-Q 
water. One subsample (1 – 4 ml, proportional to periphyton biomass) of the homogenate 
was concentrated onto pre-combusted GF/C filters using a vacuum pump and 
chlorophyll a (mg m-2) was subsequently determined spectro-photometrically using the 
protocol described by Biggs & Kilroy (2000). A second sub-sample (10 mL) was 
preserved for algal community taxonomic composition analysis using formalin (final 
concentration 3 %). Aliquots of each sub-sample were transferred to a 2 mL 
sedimentation chamber and examined at 400 × magnification under a microscope 
(Olympus BX 51, Olympus Corporation, Tokyo, Japan). A minimum of 300 individual 
algal cells or units (10 µm long units where filamentous algae or cyanobacteria had 
small cells; see Lange et al., 2016) were counted and identified to the lowest practical 
taxonomic level (usually species) using standard keys (Biggs & Kilroy, 2000; Bellinger 
& Sigee, 2010). Within the subsequent text, for simplicity I use the term ‘algae’ to refer 
to both algal and cyanobacterial taxa. Taxa were assigned to categories within the seven 
traits (with 23 trait categories) proposed by Lange et al. (2016) in their trait-based 
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framework for stream algal communities (see also Chapters 3 and 4 of this thesis). Taxa 
present in more than 50 % of the mesocosms and making up more than 1 % of the total 
individuals counted (all samples combined) were considered to be common and 
widespread. Algal cell count data was used to calculate total algal cell density (per 
square mm), taxon richness, Simpson’s diversity and evenness, cell densities of the 
common taxa and relative abundances of the different trait categories. See Table A1 in 
the appendix for a full list of algal taxa and trait classifications. A subsample was also 
taken from half of the mesocosms (control and constant DCD application treatments) 
for bacterial community analysis (analysed in Chapter 6). 
5.3.3 Statistical analysis 
Data were analysed using the software R (version 3.1.3; R Core Team, 2015).  
ANOVAs were used to assess stressor effects on algal community-level variables 
(biomass, cell density, taxon richness and evenness) and trait categories. The ANOVA 
model included the four factors, their interactions and a block factor (accounting for the 
two spatial blocks). For algal community composition, the equivalent MANOVA was 
run on the most common and widespread taxa. After exploratory analysis, response 
variables were transformed as needed to meet assumptions of parametric tests. All 
results reported in the text were significant (α = 0.05). Standardized effect sizes (partial 
eta square values, range 0-1; Garson, 2012) are presented for all results with P < 0.10 to 
allow evaluating their biological relevance (Nakagawa, 2004). Block factor results are 
also not presented because they merely represent background variation unrelated to my 
research objectives. Significant interactions were classed as synergistic or antagonistic 
according to Piggott et al. (2015c). 
5.4 Results 
5.4.1 Algal community response variables 
Sediment and flow velocity reduction had the greatest overall effects on the four 
community-level response variables, whereas nutrient enrichment affected only a single 
variable and DCD had no significant single-stressor effects (Table 5.1). Chlorophyll a 
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biomass and total cell density were both negatively affected by sediment addition and 
flow velocity reduction (Figure 5.2). Chlorophyll a biomass also responded positively 
to nutrient enrichment. Total taxon richness was increased by velocity reduction, 
whereas community evenness decreased with sediment addition, especially where flow 
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Figure 5.2. Community response variables: algal biomass (mg Chlorophyll a m-2), cell density 
(mm-2), taxon richness and evenness in the experimental treatment combinations. Error bars 
represent standard errors (n=4 for each treatment combination). Text in the boxes indicates any 
significant effects along with the level of significance (p < 0.001 = ***, P < 0.01 = **, P < 0.05 
= *), as well as the direction (- or +) for the main effects. Abbreviations: Nut = Nutrients, Sed = 
Sediment. 
5.4.2 Common algal taxa 
Twelve algal taxa were considered common (> 1 % of all cells counted and present in > 
50 % of mesocosms, Table 5.2). All of these common taxa were diatoms, with 
Encyonema minuta, Gomphonema minutum and Nitzschia palea dominating the 
community. Together, these 12 taxa contributed 85 % of the total algal cells counted. 
Algal community composition was most strongly affected by sediment addition, closely 
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followed by flow velocity reduction, then nutrient enrichment with moderate effects 
(Table 5.1, multivariate results). By contrast, the DCD treatments had no significant 
effect on overall community composition.  
Table 5.2. Abundance (percent of total cell density) and prevalence (percent of mesocosms in 
which the taxon was found) of the 12 most common and widespread algal taxa. For naming 
authorities of algal species see Table A1 in the appendix. 
 % Cell density % Mesocosms present 
Encyonema minuta 20.7 100 
Gomphonema minutum 15.0 100 
Nitzschia palea 13.8 100 
Melosira varians 8.6 96.1 
Cymbella kappii 8.5 100 
Fragilaria vaucheriae 4.7 100 
Achnanthidium minutissimum 4.5 94.5 
Cocconeis placentula 2.6 100 
Rossithidium spp. 2.2 96.9 
Gomphoneis minuta var. cassieae 1.7 100 
Gomphonema augustum 1.6 81.3 




Ten of the 12 common algal taxa decreased in density with sediment addition (all taxa 
excluding Nitzschia palea and Navicula cryptocephala, which were unaffected) six taxa 
(Encyonema minuta, Nitzschia palea, Melosira varians, Cymbella kappii, Fragilaria 
vaucheriae and Gomphoneis minuta) decreased with flow velocity reduction and two 
(Melosira varians and Navicula cryptocephala) increased with nutrient enrichment 
(Table 5.1). Two common taxa responded significantly to the DCD treatments. 
Cymbella kappii had greater cell density in the low pulse than in the high pulse 
treatments, and Fragilaria vaucheriae was more abundant in the low pulse treatment 
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than in control mesocosms (Figure 5.3). Stressor interactions occurred for two common 
taxa, in both cases antagonistic interactions between sediment and flow velocity. 
Nitzschia palea decreased more strongly in response to reduced flow velocity in 
mecosoms without added sediment (negative antagonistic interaction). Cocconeis 
placentula decreased in response to reduced flow velocity in mesocosms without 
sediment, but not in those with sediment (because sediment addition alone had already 
significantly reduced densities of this diatom; negative antagonistic interaction).  
 
Figure 5.3. Cell density (mm-2) of the common taxa that showed significant responses to DCD 
(Cymbella kappii and Fragilaria vaucheriae) or complex multiple-stressor responses (Nitzschia 
palea and Cocconeis placentula) to the experimental treatment combinations. Error bars 
represent standard errors (n=4 for each treatment combination). Text in the boxes indicates any 
significant effects along with the level of significance (p < 0.001 = ***, P < 0.01 = **, P < 0.05 
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5.4.3 Biological traits 
The relative abundances of the trait categories present in the experiment are shown in 
Table 5.4. Algal traits showed the greatest number of responses to sediment and flow 
velocity (with 13 of 21 trait variables responding significantly to each stressor), 
followed by nutrients (9 trait variables), whereas only one trait variable (algae with 
gliding motility) responded to DCD (Table 5.3). Thirteen trait variables also showed 
significant two-way interactions, and one trait variable exhibited a significant three-way 
interaction (Figure 5.4). 
Relative abundance of nano-sized cells (5 ≤ 100 µm3) responded positively to flow 
velocity reduction and negatively to sediment addition, with the negative effect of 
sediment addition being weakened by nutrient enrichment (negative antagonistic 
sediment × nutrient interaction). Micro-sized cells (100 ≤ 300 µm3) were positively 
affected by sediment addition overall, but reduced by flow velocity reduction when no 
sediment was added (negative antagonistic sediment × flow interaction). Meso-sized 
cells (300 ≤ 600 µm3) responded negatively to sediment and nutrients but positively to 
flow velocity reduction. Macro-sized cells (600 ≤ 1500 µm3) also responded negatively 
to sediment and positively to flow velocity reduction. Finally, very large cells (> 1500 
µm3) increased in relative abundance with nutrients but decreased with flow reduction, 
especially where sediment was also added (negative synergistic sediment × flow 
interaction). 
Unicellular algae, which made up the majority of all cells counted, decreased in relative 
abundance with nutrients and decreased in mesocosms with added sediment and fast 
flow  (positive synergistic sediment × flow interaction). By contrast, filamentous algae 
increased with nutrients but decreased with flow reduction, with the negative effect of 
flow reduction exacerbated by sediment (negative synergistic sediment × flow 
interaction). Colonial cells only increased with flow velocity reduction. 
Algae with no fixation structure responded positively to nutrients and sediment. By 
contrast, moderately attached algae and tightly attached algae responded negatively to 
nutrients and sediment, with tightly attached algae also responding positively to flow 
velocity reduction. 
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Nitrogen-fixing algae (or cyanobacteria) made up only a very small fraction of the algal 
community. Relative abundance of these algae responded negatively to sediment but 
positively to flow reduction. 
Algae that were non-motile (attached) responded positively to flow reduction, 
negatively to nutrient and sediment, and relative abundance reduced with DCD 
treatments in mesocosms without added sediment but increased with DCD in 
mesocosms with added sediment (negative antagonistic DCD × sediment interaction). 
Algae with gliding motility responded positively to sediment addition, flow reduction 
and were affected by some of the DCD treatments. Relative abundance in the high pulse 
treatment was greater than in the low pulse treatment. Algae with gliding motility 
showed sediment × nutrient (positive synergistic), sediment × flow (positive 
synergistic) and DCD × flow interactions, plus a very weak three-way interaction 
between DCD, sediment and nutrients (P = 0.03, ES = 0.09). DCD addition had the 
greatest negative impact (all three DCD addition treatments compared to controls) in 
mesocosms with ambient nutrients and sediment addition. Algae with drift motility 
responded positively to nutrients and negatively to flow reduction, particularly where 
sediment was also added (negative synergistic sediment × flow interaction). 
Algae reproducing via fission made up the vast majority of the community and 
decreased in relative abundance with flow reduction in mesocosms without added 
sediment (negative antagonistic sediment × flow interaction) and where both flow was 
reduced and nutrients added (negative synergistic nutrient × flow interaction). By 
contrast the remainder of algae, which reproduced via fragmentation, showed an 
increase with DCD in mesocosms without added sediment (negative synergistic DCD × 
sediment interaction) and also increased with nutrients where flow was reduced 
(positive synergistic nutrient × flow interaction). 
The algal community was dominated by taxa without spores. These algae decreased in 
relative abundance where flow was reduced and no sediment was added (positive 
synergistic sediment × flow interaction). Algae capable of producing akinetes decreased 
in relative abundance with sediment, especially where flow was reduced (negative 
synergistic sediment × flow interaction) and increased with nutrients when flow was 
reduced (positive synergistic nutrient × flow interaction). Algae with zoospores 
increased in relative abundance with nutrients when sediment was added but decreased 
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with nutrients without added sediment (negative antagonistic sediment × nutrient 
interaction). Algae with oospores and zygospores did not respond significantly to any of 
the stressors. 
 
Table 5.4. Total relative abundances (%) of the seven biological algal traits with the 23 trait 
categories. Note that relative abundances within each trait total 100 %. 
Functional trait Trait category Relative abundance (%) 
Cell size: nano (5 ≤ 100 µm3) 7.5 
 micro (100 ≤ 300 µm3) 44.9 
 meso (300 ≤ 600 µm3) 28.4 
 macro (600 ≤ 1500 µm3) 5.0 
 very large (> 1500 µm3) 13.7 
   
Life form: colonial 7.0 
 filamentous 14.5 
 unicellular 78.5 
   
Attachment to 
substratum: 
low - no fixation structure 38.0 
medium - attached 52.3 
 high - tightly attached 9.6 
   
Nitrogen fixation: yes 0.9 
   
Motility: attached 69.0 
 gliding 18.1 
 drift 12.9 




 fragmentation 5.6 
   
Spore formation: none 94.6 
 akinetes 1.9 
 oospores and zygospores 1.6 
 zoospores 0.7 
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Figure 5.4. Trait categories (%) that showed complex multiple-stressor responses to the 
experimental treatment combinations. Error bars represent standard errors (n = 4 for each 
treatment combination). Text in the boxes indicates any significant effects along with the level 
of significance (P < 0.001 = ***, P < 0.01 = **, P < 0.05 = *), as well as the direction (- or +) 
for the main effects. Abbreviations: Nut = Nutrients, Sed = Sediment. 
 
5.5 Discussion 
This study investigated the multiple-stressor effects of four agricultural stressors on the 
algal community (including cyanobacteria). Algal community responses to multiple 
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stressors have been investigated more often (e.g. Wagenhoff et al., 2011; Liess et al., 
2012; Magbanua et al., 2013a) than algal biological trait responses, and a 
comprehensive trait-based framework for stream algal communities has only recently 
been developed (Lange et al., 2016). The studies in my thesis are the first to test this 
framework (see also Chapters 3 & 4). Trait-based approaches have become more widely 
used in ecology since the early 2000s, and a number of authors have stated that 
biological traits should be more useful for identifying mechanisms behind observed 
patterns than community data (e.g. Reynolds et al., 2002; Weithoff, 2003; Burliga et al., 
2004; Litchman & Klausmeier, 2008; Lange et al., 2016). 
In this experiment, fine sediment deposition was the most pervasive of the four 
investigated stressors (in terms of size and prevalence of main effects) for the stream 
benthic algal community, affecting a total of 24 (of 37) algal response variables. Flow 
velocity reduction was also highly pervasive (affecting 20 response variables), while 
nutrient enrichment was somewhat less pervasive (12 response variables) and DCD 
effects were relatively rare and weak (3 response variables). Complex interactions 
among stressors occurred fairly frequently (interactions between sediment and flow 
alone were as common as nutrient effects) but were mostly restricted to 2-way 
interactions; among these, interactions between sediment and flow were by far the most 
common (affecting 12 response variables). Interactions between nutrients and flow, 
sediment and nutrients, DCD and sediment, and DCD and flow were also present but 
relatively weak and rare (affecting 3, 2, 2, and 1 response variables, respectively). One 
response variable was also affected by a weak three-way interaction between DCD, 
sediment and nutrients, while no four-way interactions were significant. 
5.5.1 Single-stressor effects 
As in the previous experiment (Chapter 4), DCD did not have pervasive effects on the 
benthic algal community (see General Discussion for a comparison of the effects of 
DCD across both experiments). This result provides limited support for my first 
hypothesis that DCD would indirectly affect the algal community (through effects on 
the target bacteria or the influence of DCD decay products on nutrient inputs). 
Nevertheless, three algal response variables did show significant single-stressor 
responses to the DCD treatments. Fragilaria vaucheriae was more abundant in the low 
pulse treatment than in control mesocosms, indicating that this common diatom was 
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positively affected by frequent lower concentration pulses but not by less frequent 
higher concentration pulses. The other two response patterns were somewhat more 
difficult to interpret because they did not include significant differences from control 
mesocosms without DCD addition. Cymbella kappii had greater cell density in the low 
pulse than in the high pulse treatments, suggesting that the higher, less frequent pulses 
(simulating large runoff events) had a greater negative effect on this common diatom 
than the more frequent lower concentration pulses (which tended to have a positive 
effect). Conversely, algae with gliding motility, which are known to be more 
competitive at higher resource levels (Schneck et al., 2011), showed the opposite 
response pattern (plus some interactive responses discussed below). These results 
indicate that DCD may have some effect on the resources utilised by the algal 
community. DCD may affect the bacterial community (specifically ammonium 
oxidising bacteria; O’Callaghan et al., 2010; Morales et al., 2015) and subsequently, 
result in longer-term effects on nutrient cycling, metabolic processes and ecosystem 
functioning (Cotner & Biddanda, 2002; Battin et al., 2003; Zeglin, 2015). These may 
not be evident in the algal community, as my experiment was relatively short-term (27 
days). Furthermore, due to the high turnover rates of water in the experimental 
mesocosms (less than 2 minutes), the decay products of DCD were unlikely to have 
been present in the mesocosms long enough for any DCD-related enrichment effects to 
occur. Consequently, to further evaluate the effects of DCD on stream algal 
communities, longer-term, in-situ experiments are needed where these limitations 
would be overcome. 
My second hypothesis predicted that reductions in stream flow velocity (simulating 
water abstraction) would change algal community structure. While overall cell density, 
chlorophyll a biomass and densities of six of the 12 most common algal taxa were 
decreased by a reduction in flow velocity, total taxon richness actually increased, a 
somewhat counter-intuitive result. None of the 12 most common algal taxa became 
more abundant when flow velocity was reduced, but my investigation of algal 
biological traits revealed that flow velocity reduction had mainly negative impacts on 
algae with very large cell sizes, algae that use drift as a form of motility and filamentous 
algae. By contrast, algae with smaller cells, tightly attached or able to use gliding 
motility, are colonial or capable of nitrogen fixing, benefitted under reduced flow 
conditions. These algal trait results complemented the abundance data and were also 
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helpful in determining the mechanisms behind the observed density changes. It is 
unlikely that direct physical effects of fast flow velocities caused these detrimental or 
positive effects because both current velocities used in my treatments were near the 
slow end of the current velocity range observed in real small farmland streams in New 
Zealand (see e.g. Matthaei et al., 2006). Instead, reduced flow velocity probably 
affected the algal community through reduced availability of nutrients. For example, 
filamentous algae, which are known to be susceptible to high drag and shear stress 
(Steinman, 1996), were nevertheless negatively affected by my experimental reduction 
in flow velocity. Furthermore, algae capable of nitrogen fixation and algae with smaller 
sized cells, both traits that are advantageous under nutrient-limiting conditions (Passy, 
2007a; Stancheva et al., 2013), were relatively more abundant at reduced flow velocities. 
These results indicate that reduced flow velocity was affecting the algae community 
through increasing the boundary layer thickness and consequently diminishing the 
supply of nutrients and oxygen from the water column (Stevens & Hurd, 1997; Eriksson, 
2001; Battin et al., 2003). 
Deposited fine sediment had major negative impacts on the algal community, 
decreasing overall cell density, chlorophyll a biomass, as well as the densities of ten of 
the 12 most common taxa (supporting my third hypothesis). Nizschia palea and 
Navicula cryptocephala were the only common taxa unaffected. Among the 21 
examined algal trait categories, taxa capable of gliding motility, as well as micro-sized 
algae and those without fixation structure, increased in relative abundance with fine 
sediment, indicating that these taxa are more resilient to fine sediment deposition. This 
result is consistent with the interpretation put forward in previous related studies that 
motile algae may be favoured in sediment-rich environments as they can avoid 
permanent burial and move to sit on top of the layer of sediment (Biggs, 2000; Schneck 
et al., 2011). In other related studies, however, motile algae showed a subsidy-stress 
response to sediment (e.g. Wagenhoff et al., 2013; Lange et al., 2016), suggesting that 
at higher levels of sediment deposition than used in this experiment, even motile algae 
decline. 
Nutrient enrichment was a less pervasive stressor than deposited fine sediment and flow 
velocity reduction, with fewer significant responses and smaller effect sizes. Although 
nutrient enrichment was less pervasive, it had mainly positive effects (in support of my 
third hypothesis). Nutrient enrichment caused a weak increase in overall biomass along 
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with the cell densities of two common taxa. This biomass increase was mainly driven 
by a relative increase in large-celled, filamentous algae, algae without fixation structure 
and drifting algae, suggesting that increased nutrient availability supports the growth of 
larger cells with smaller surface to volume ratio. A similar pattern was observed in the 
stream survey by Lange et al. (2016). Filamentous algae also tend to be favoured under 
increased nutrient availability, due to their ability to elevate themselves above the rest 
of the biofilm, thus improving their access to resources and enabling them to out-
compete other taxa in nutrient-rich environments (Passy, 2007b; Schneck et al., 2011).  
5.5.2 Stressor interactions 
Interactions between DCD and the other three stressors were quite rare, with small 
effect sizes, but sometimes resulted in interesting multiple-stressor response patterns. 
For example, DCD addition (regardless whether pulsed or continuous) had a negative 
effect on algae with gliding motility in mesocosms with ambient nutrients and fine 
sediment addition, particularly when flow velocity was reduced. This complex response 
indicates that the effects of DCD may be exacerbated by fine sediment addition and 
reduced flow velocity, but offset by nutrient enrichment. This result could be important 
for resource managers because streams draining dairy farming catchments (where DCD 
was mainly applied) are often affected by fine sediment deposition or flow velocity 
reduction (as a consequence of water abstraction for irrigation), as well. By contrast, the 
remaining two interactions involving DCD did not indicate that DCD effects were made 
worse by the presence of other stressors. Algae that reproduce by fragmentation showed 
an increase with DCD addition in mesocosms without added sediment. Non-motile, 
attached algae were increased in relative abundance by DCD treatments in mesocosms 
with added sediment but reduced by DCD treatments in mesocosms without added 
sediment. 
The most common multiple-stressor effects were between sediment and flow, affecting 
68 % of all 37 algal response variables. Thirteen of these were additive responses, while 
the remaining 12 were complex. The majority of these complex sediment by flow 
interactions were synergistic. Five of these were negative synergistic responses 
(community evenness and the relative abundance of algae with very large sized cells, 
filamentous algae, drifting algae and algae capable of akinete production), where 
responses were more negative than predicted additively. Three were positive synergistic 
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responses (unicellular algae, gliding algae and algae that do not produce spores) with 
responses more positive than predicted additively. Four were negative antagonistic (2 
common taxa, algae with micro-sized cells and algae that reproduced via fission), with 
responses less negative than predicted additively. These results were consistent with 
similar mesocosm studies on stream invertebrates, where the majority of the interactions 
between sediment and flow were either additive (Elbrecht et al., 2016) or synergistic 
(Matthaei et al., 2010).  
In comparison, interactions between nutrient enrichment and flow velocity reduction 
were less common and mainly additive (seven response variables), with only three 
complex responses: two of which were positive synergistic (algae reproducing by 
fragmentation, algae capable of akinete production), and one negative synergistic (algae 
reproducing by fission). Interactions between sediment and nutrients were similarly 
common, with seven additive and two complex responses, which include one positive 
synergistic (algae with gliding motility) and one negative antagonistic response (algae 
capable of producing zoospores).  
In this study, multiple-stressor responses were most often additive (64 % of 
interactions), compared to only 26 % and 16 % respectively in the meta-analyses by 
Piggott et al. (2015c) and Jackson et al. (2016). Although complex non-additive 
responses were less common than additive effects, synergistic (26 %) and antagonistic 
(10 %) responses were also fairly common. Of these non-additive responses, negative 
synergistic responses (14 %), positive synergistic (12 %) and negative antagonistic 
responses (10 %) were present, while positive antagonistic responses were not. These 
results indicate that when these stressors are present in combination, they may produce 
complex multiple-stressor responses. Consequently some effects may become 
exacerbated. Therefore resource managers cannot predict combined responses simply 
by adding the effects of individual stressors. However, even in this experiment, which 
tested four stressors, the interactions were mainly two-way, while three-way 
interactions were rare (only one response variable showed a complex three-way 
interaction) and four-way interactions were absent. Indicating that response patterns did 
not become proportionally more complex with each added stressor, and the most 
pervasive interactions were similar to those in other related studies. This is an 
encouraging result because three-way and four-way interactions are often difficult to 
interpret.  
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5.5.3 Conclusions  
This experiment adds to the growing number of studies demonstrating that deposited 
fine sediment, flow velocity reduction and nutrient enrichment are all influential 
stressors for stream algal communities. Deposited fine sediment had the most pervasive 
effects, followed closely by flow velocity reduction, and then nutrient enrichment. By 
comparison, DCD seems to be a lesser stressor for stream algal communities (similar to 
my findings in Chapter 4), even when combined with three other stressors. Nevertheless, 
DCD addition at realistic concentrations and in realistic pulses did have some, albeit 
weak, effects on the algal community, possibly by affecting resource availability. For 
one algal trait these effects became more negative when DCD was combined with 
deposited fine sediment and/or reduced flow velocity.   
This study also demonstrated that biological traits can be very helpful in identifying 
potential mechanisms driving observed changes in algal densities and community 
composition. For example, total algal taxon richness increased in response to flow 
velocity reduction, although this increase was not reflected in the absolute abundances 
of the 12 most common algal taxa (i.e. none of the common algal taxa increased in 
absolute abundances in response to flow velocity reduction). By contrast, several algal 
trait categories responded positively and there were also contrasting responses among 
algal traits, which helped explain why total taxon richness of the community increased.  
Finally, complex synergistic and antagonistic multiple-stressor responses were common, 
indicating that interactions among stressors need to be accounted for when assessing 
agricultural impacts on stream ecosystems. However, despite testing the combinations 
of four stressors, the responses did not become proportionally more complex with each 
added stressor. This indicates that while it is important to assess the interactions 
between stressors, resource managers may need only to focus on the two-way 
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6 High-throughput amplicon sequencing and stream benthic 
bacteria: which taxonomic level is best for multiple-stressor 
research? 
6.1 Summary 
Recent advances in molecular techniques allow studying entire microbial communities 
in their environment, and high-throughput amplicon sequencing provides taxonomic 
resolution down to Operational Taxonomic Units (OTUs). Should we therefore 
investigate OTUs, or can we simply look at the most common phyla? I evaluated this 
question for individual and interactive effects of four agricultural stressors on stream 
bacteria in 64 outdoor mesocosms: the nitrification inhibitor dicyandiamide (DCD), 
deposited fine sediment, nutrient enrichment, and flow velocity reduction (simulating 
water diversion). After two months, benthic bacteria were assessed using amplicon 
sequencing (16S rRNA gene, V3-V4 region). Effects on diversity and common taxa at 
phylum, order, genus and OTU level indicate that agricultural stressors can strongly 
influence stream bacterial communities. DCD was the most pervasive stressor, affecting 
community evenness and prevalence of almost all common taxa, followed by sediment, 
then velocity reduction. Nutrient enrichment had little effect. Stressor pervasiveness and 
effect sizes were reasonably consistent across taxonomic levels, and taxa within the 
same genus or order often responded similarly. However, community coverage 
decreased with taxonomic resolution, from 96% of all sequences for common phyla to 
28% for common OTUs, implying that the order level may represent the best 
compromise between stressor sensitivity and coverage of entire bacterial communities. 
6.2 Introduction 
Most present-day ecosystems are affected by multiple stressors, which can interact, 
resulting in responses that cannot be predicted from the sum of the individual stressor 
effects involved (Folt et al., 1999). Multiple-stressor effects can exacerbate the 
degradation of ecosystems and biodiversity loss. For example, multiple stressors 
contribute to the impairment of coral reefs (Ban et al., 2014), marine organisms show 
Chapter 6 – NGS, bacteria and multiple-stressors 
 124
complex and often synergistic responses to the combined effects of ocean acidification 
and warming (Harvey et al., 2013). Interacting multiple stressors have also been 
identified as an important driver of freshwater biodiversity loss (Jackson et al., 2016). 
Addressing these global problems requires understanding interactive stressor effects on 
structure and functioning of all key components of the affected ecosystems. Bacteria 
play a major but understudied role in freshwater ecosystems, driving nutrient cycling, 
metabolic processes and many other biogeochemical processes and ecosystem functions 
(Cotner & Biddanda, 2002; Battin et al., 2003; Zeglin, 2015). 
Agricultural intensification is one of the greatest threats to the biodiversity of freshwater 
ecosystems, which is disproportionally at risk compared to marine or terrestrial systems 
(Dudgeon et al., 2006; Vörösmarty et al., 2010). Multiple stressors affecting 
agricultural streams include elevated inputs of nutrients, other agricultural chemicals, 
fine sediment, and reductions in discharge and current velocity due to water diversion 
for irrigation (Niyogi et al., 2003; Matthaei et al., 2010; Wagenhoff et al., 2011; Wada 
et al., 2014). Intensively farmed pastures receive high inputs of nutrients (particularly 
nitrogen) through animal urine, faeces and industrial fertilisers (Smith et al., 1999; 
Allan, 2004). High nitrogen concentrations in farmland soils can lead to nitrous oxide 
emissions and leaching of nitrate into waterways (Allan, 2004). Nutrient enrichment can 
increase stream bacterial biomass (e.g. Pace & Cole, 1996; Carr et al., 2005; Artigas et 
al., 2013; Tant et al., 2013) and affect bacterial community structure (e.g. Rubin & Leff, 
2007; Drury et al., 2013; Lau et al., 2015). One method to reduce nitrogen losses from 
farmland soils is application of nitrification inhibitors, such as dicyandiamide (DCD), 
for which there are many studies on its effectiveness in New Zealand (e.g. Zacherl & 
Amberger, 1990; Di & Cameron, 2002; Moir et al., 2007). These indicate that DCD 
impairs the activity of ammonium-oxidising soil bacteria by restricting their use or 
uptake of ammonium while having minimal effect on non-target bacteria (O’Callaghan 
et al., 2010; Morales et al., 2015). However, DCD itself is water soluble, readily 
leached from pasture soils (Wilcock et al., 2008) and can disrupt nitrification in 
freshwater systems (Smith & Schallenberg, 2013), yet the effects of nitrification 
inhibitor leaching on bacterial communities in agricultural streams are still unknown. 
Fine sediment can also influence stream biofilms, by increasing turbidity (thus reducing 
primary production) and transforming the substratum, smothering pre-existing biofilms, 
and increasing substratum instability (Wood & Armitage, 1997; Hancock, 2002; Allan, 
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2004). Water abstraction for irrigation may likewise affect bacterial communities. For 
example, reductions in flow velocity increase the substratum boundary layer thickness 
and thereby reduce the exchange of nutrients and oxygen between water column and 
biofilm (Stevens & Hurd, 1997; Eriksson, 2001; Battin et al., 2003). 
Until recently, microbial ecologists have lacked methodological tools for in-situ 
assessments of microbial communities. Traditional investigations relied on information 
gained through cultivation, restricting our understanding of microbes to those that can 
be isolated and cultured while the vast majority of microbes cannot (Torsvik & Øvreås, 
2002). Fortunately, recent advances in molecular techniques allow the study of 
microbial communities directly in their environment (Cristescu, 2014). Techniques such 
as high-throughput amplicon sequencing produce large datasets, providing higher 
taxonomic resolution and permitting in-depth analyses of community composition and 
phylogenetic diversity. However, few studies have used these techniques to investigate 
multiple-stressor effects on freshwater bacteria, and manipulative experiments that 
allow the identification of true cause and effect are lacking. It is also unknown which 
level of taxonomic resolution provides the best trade-off between maximising ability to 
detect multiple-stressor effects and interpret them in ecologically meaningful ways 
versus the goal of studying the entire microbial community (rather than just a small 
fraction of it, reminiscent of traditional laboratory cultivation). 
To address these knowledge gaps, I used 64 outdoor mesocosms (simulating small 
agricultural streams) to investigate the individual and combined effects of four 
agricultural stressors (nutrient enrichment, DCD leaching, sedimentation and flow 
velocity reduction) on stream benthic bacteria at four taxonomic levels (phylum, order, 
genus and OTU). This study was carried out on a subset of the mesocosms detailed in 
Chapter 5, which focused on the algal community, while this chapter examines the 
effects on the benthic bacteria. This experimental setup (ExStream System), which has 
been used to investigate multiple-stressor effects on stream periphyton, invertebrates 
and organic matter decomposition (e.g. Wagenhoff et al., 2012; Magbanua et al., 2013a; 
Wagenhoff et al., 2013; Piggott et al., 2015a; Piggott et al., 2015d; Winkworth et al., 
2015), permits studying stressor effects under tightly controlled, statistically powerful 
yet highly realistic environmental conditions. The ExStream System allows natural 
immigration and emigration of stream biota as well as the same water chemistry, 
temperature and light regimes as the river feeding the mesocosms. This is a key strength 
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of this study compared to laboratory experiments. Based on the limited related research 
on stream bacteria cited above and related work on stream algae and invertebrates, I 
hypothesised that: 
(i) Nutrient enrichment will change bacterial community composition (via 
positive effects on nutrient-limited taxa);  
(ii) DCD addition will disadvantage the target ammonium-oxidising bacteria 
while having little effect on non-target bacteria;  
(iii) Sediment addition will benefit some taxa while negatively affecting others;  
(iv) Reduced flow velocity will also favour some taxa while disadvantaging 
others;  
(v) The four stressors will interactively affect the bacterial community;  
(vi) For both single-stressor effects and interactions, lower taxonomic levels 
(genus or OTU) will respond more sensitively, and in ways more readily 
related to their ecology, than higher taxonomic levels (phylum or order) 
because the latter are more likely to include taxa with opposing responses to 
stressors, thus diluting the overall response. 
6.3 Methods 
6.3.1 Experimental design 
The study was conducted in austral autumn (3 April to 27 May 2013) in an outdoor 
setup comprising 128 circular stream mesocosms supplied with water from the nearby 
Kauru River (170°45.9′ E, 45°6.4′ S, 98 m a.s.l). The Kauru, a 5th order river in the Otago 
province of New Zealand, drains a 124 km2-catchment dominated by tussock grassland 
and exotic pasture with low-intensity sheep/beef farming. Water was continuously 
pumped into eight header tanks, each of which gravity-fed 16 mesocosms (inner 
diameter 5.1 cm, outer diameter 24.5 cm, volume 3 L, area 450 cm2) with 2 L min-1 
each. The supplied streamwater allowed continuous immigration and emigration of 
drifting microbes, periphyton and invertebrates (Wagenhoff et al., 2012). Bacterial 
communities from 64 mesocosms (fed by four header tanks) were used in the present 
study, i.e. only the samples from the control and constant DCD application treatments 
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were used excluding those from pulsed DCD treatments (see Chapter 5). This was in 
order to simplify the analyses and minimize sequencing costs. 
To each mesocosm, I added 0.5 L of coarse gravel (b-axis 9.2 ± 3.2 mm [SD], resulting 
in 20 – 30 mm depth) collected from the river floodplain. Two unglazed terracotta tiles 
(50 × 50 × 13 mm) were placed on this substratum to provide a standardised surface for 
biofilm colonisation, along with four leaf litter packs (analysed in the companion study). 
The experiment consisted of an initial 27 days with established flow velocity treatments 
to allow biofilm colonisation, followed by 27 days with additional nutrient, fine 
sediment and DCD treatments. DCD (two treatment levels) was manipulated at the 
header tank level, whereas nutrients, flow velocity and sediment (two levels each) were 
manipulated at the mesocosm level. DCD treatments were randomized within two 
spatial blocks consisting of two header tanks and 32 mesocosms each. Within DCD 
treatments, nutrient, flow and sediment treatments were also randomized, resulting in a 
balanced full-factorial design with four replicates per treatment combination.  
Flow velocity treatments were established on day 1 of the experiment and recalibrated 
daily. Velocities achieved were 0.131 ± 0.003 m s-1 (“fast”) and 0.015 ± 0.001 m s-1 
(“slow”) (means ± SE, measured on days 12 and 25; Flo-Mate, model 2000, Marsh-
McBirney Inc., Frederick, Maryland, U.S.A), equivalent to run or pool habitats in small 
farmland streams (Matthaei et al., 2006). Treatments were established by using a 
smaller inflow-jet diameter for fast treatments (4.2 vs. 10.0 mm inner diameter) while 
keeping discharge the same for both treatments. This avoided confounding effects on 
DCD or nutrient concentrations and on un-manipulated physicochemical (e.g. water 
temperature, dissolved oxygen) and biological variables (e.g. drift of microbes and 
invertebrates).  
On day 28, sediment, nutrient and DCD treatments were established. For sediment 
treatments, flow was interrupted briefly and 500 g of inorganic river sediment (mean 
particle size 0.2 mm; Matthaei et al., 2006) added to 32 mesocosms. Fine sediment 
depth (average of four measurements per mesocosm) and sediment cover (visual 
estimate) were determined on day 46. Sediment addition resulted in a 7.1 ± 0.2 mm 
thick layer of fine sediment covering 93.2 ± 0.5 % (SE) of the substratum (n = 32).  
For nutrient treatments, concentrated solutions of NaNO3 and KH2PO4 were applied to 
32 mesocosms at a constant rate of 2 L hour-1 with pressure-compensating drippers 
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(RXLD2SC, RX Plastics, Ashburton, NZ). This resulted in concentrations of 2923.4 ± 
91.1 µg L-1 DIN-N and 220.6 ± 7.0 µg L-1 DRP-P (means ± SE, measured on days 28, 
41 and 52, n = 96) in nutrient enriched mesocosms, reflecting high but realistic nutrient 
levels (Wagenhoff et al., 2011). Mesocosms with ambient nutrients had average 
concentrations of 123.6 ± 11.5 µg L-1 DIN-N and 11.0 ± 1.3 µg L-1 DRP-P.  
DCD treatments included a control (where DCD concentrations were zero) and a 
constant concentration of 1.38 ± 0.06 mg L-1 (means ± SE; measured on days 29, 31, 35, 
37, 41 and 53), similar to concentrations found in 1st-order streams on a New Zealand 
dairy farm (Matthaei et al., 2014). To achieve this concentration, DCD was dissolved in 
140 L tanks and pumped into header tanks using piston pumps (FMI CERAMPUMP® 
Model QBG, Fluid Metering Inc., Syosset, NY, U.S.A.) which were recalibrated daily. 
To enhance colonisation by stream invertebrates underrepresented in the drift 
(Wagenhoff et al., 2012), the mesocosms were seeded on day 24 with invertebrates 
from the adjacent river. Invertebrates were collected with standardized kick-net samples 
from fast (centre) and slow flowing (margins) areas of the same riffles for the respective 
flow treatments. 
6.3.2 Biofilm sampling 
On days 54 and 55 (one block per day), two tiles per mesocosm were collected, 
individually put on ice, transported to the laboratory and stored in the dark at -20 °C 
until processing. Following thawing, all biofilm from the top surface of the tiles from 
each mesocosm was scraped into a container using a toothbrush, rinsed with milli-Q 
water, and any associated invertebrates were removed. Each sample was homogenised 
using a blender (Omni Mixer, Ivan Sorval Inc., Newton, CT, U.S.A.) for one minute, 
volume-adjusted to 40 ml, and one subsample (4.5 ml) taken for DNA extraction.  
6.3.3 Molecular analyses 
DNA was extracted from the 64 biofilm samples using a bead beater extraction protocol 
(Miller et al., 1999). Amplification of the V3 and V4 hypervariable regions of the 16S 
rRNA gene was performed using the oligonucleotide primers (Klindworth et al., 2013) 
modified by the addition of Illumina Tags (underlined): S-D-Bact-0341-b-S-17 (5′-
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ACGACGCTCTTCCGATCTCCTAC GGGNGGCWGCAG-3′) and S-D-Bact-0785-a-
A-21 (5′-CGTGTGCTCTTCCGATCTGACT ACHVGGGTATCTA-3′), resulting in 
amplicons that contained a 16S rRNA gene region of ~440 bp. The HiFi HotStart PCR 
kit (KAPA Biosystems, Boston, MA, USA) was used with the following protocol: 0.2 
mM dNTPs, 40 ng of DNA template, 0.02 U/µl KAPA HiFi Taq, 0.2 µM of each primer 
in a total volume of 50 µl. PCR conditions were: initial denaturation at 95 °C for 5 min; 
followed by 27 cycles of 95 °C for 1 min, 56 °C (1 min) and 72 °C (1 min); final 
extension at 72 °C (5 min). Amplified products were purified using Agencourt AMPure 
XP purification kit (protocol 000387v001; Beckman Coulter, Brea, CA, USA) and 
quantified using Qubit dsDNA High Sensitivity Assay (Agilent Technologies, Palo Alto, 
CA, USA). Then a second round of PCR was performed using TruSeq® RNA PCR 
Primers (RPI1-33; Illumina, San Diego, CA, USA) to attach 6-bp multiplexing indices 
and Illumina sequencing adapters using the following protocol: 0.2 mM dNTPs, 2 ng of 
the purified PCR product, 0.02 U/µl KAPA HiFi Taq, 0.2 µM of each primer in a total 
volume of 50 µl. PCR conditions were: initial denaturation at 95°C for 20 sec; 10 cycles 
of 95°C (20 sec), 55°C (20 sec) and 68°C (20 sec); final extension at 68°C (40 sec). 
Amplicons were purified and quantified as above, then run on the MiSeq Illumina 
sequencing platform, producing 2 × 250 bp reads (Illumina, San Diego, CA, USA). 
6.3.4 Sequence analysis 
Samples were de-multiplexed using bcl2fastq script from Illumina sequencer. Raw 
sequences were paired and quality filtered using QIIME (version 1.7.0) default 
parameters (Caporaso et al., 2012). Sequences were clustered into Operational 
Taxonomic Units (OTUs, 97 % sequence similarity) using de novo clustering and the 
Greengenes database to assign taxonomy (McDonald et al., 2012). Samples were 
rarefied (by randomly resampling sequences) to an even depth of 122,776 sequences per 
sample (minimum sequencing depth). The resulting OTU table was filtered to keep only 
OTUs with at least 10 sequences across all samples. Taxon richness and Simpson’s 
evenness were calculated at four taxonomic levels: phylum, order, genus and OTU. 
Common taxa were identified for each level as taxa that contributed at least 1 % of the 
total number of sequences (excluding unassigned taxa). Eight phyla (accounting for 
96.2 % of all sequences), 21 orders (84.4 %), 25 genera (63.5 %) and 16 OTUs (28.0 %) 
were considered as common. Potential ammonium oxidising bacteria (targeted by DCD) 
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were also identified but were too rare (< 0.03 % of all sequences) to examine 
statistically. Consequently, the part of my second hypothesis dealing with these bacteria 
(see Introduction) could not be tested. 
6.3.5 Statistical Analysis 
Data were analysed using R version 3.1.3 (R Core Team 2015). ANOVAs examined 
stressor effects (DCD, sediment, flow velocity and nutrient enrichment) on taxon 
richness and evenness at the four taxonomic levels. The ANOVA model included the 
four factors, their interactions and a block factor (accounting for the two spatial blocks). 
Equivalent MANOVAs assessed stressor effects on community composition and 
individual common taxa at each taxonomic level. After exploratory analysis, response 
variables were transformed as needed to meet assumptions of parametric tests.  
All results reported in the text were significant (α = 0.05). Standardized effect sizes 
(partial eta square values, range 0-1; Garson, 2012) are presented for all results with P < 
0.10 to allow evaluating their biological relevance (Nakagawa, 2004). No three- or four-
way interactions between stressors were significant and were therefore not reported. 
Block factor results are also not presented because they merely represent background 
variation unrelated to my research objectives.  
6.4 Results 
The 16S rRNA dataset consisted on average of 247049 ± 5921 (SE) reads per sample 
that clustered into 41544 OTUs at a 97 % level of sequence similarity (for 4511 OTUs 
identity was unassigned). OTUs were allocated to 1474 genera belonging to 787 
families, 485 orders, 235 classes and 68 phyla. 
6.4.1 Diversity  
DCD addition increased bacterial community evenness at all four taxonomic levels 
(Figure 6.1, Table 6.1). Evenness of phyla was also increased by sediment addition but 
not nutrients or flow. Taxon richness at all taxonomic levels was unaffected by the 
experimental manipulations. 
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6.4.2 Common phyla 
At the phylum level, Proteobacteria dominated (57.5 % of all sequences), followed by 
Bacteroidetes (16.0 %) and Verrucomicrobia (6.3 %). Community composition of the 
eight common phyla was affected by DCD, sediment, flow velocity, a DCD × sediment 
interaction and a DCD × flow interaction, but not by nutrients (multivariate MANOVA 
results, Table 6.1, Figure 6.2). DCD and sediment were the most pervasive stressors, 
each affecting six phyla, with average effect sizes (ES, for significant effects) of 0.34 
and 0.22, respectively (Table 6.1, Table 6.2). Two phyla responded to flow velocity 
(average ES = 0.16) and none to nutrients. Proteobacteria and Firmicutes decreased in 
relative abundance with DCD addition, whereas Verrucomicrobia, Planctomycetes, 
Actinobacteria and Acidobacteria increased. Proteobacteria and Planctomycetes 
decreased with sediment addition while four phyla increased (Bacteroidetes, 
Actinobacteria, Acidobacteria, Firmicutes). Proteobacteria also decreased under reduced 
flow velocity whereas Bacteroidetes increased. Two of the eight phyla (25 %) showed 
complex multiple-stressor responses (Table 6.1). Proteobacteria showed a negative, 
antagonistic DCD × sediment interaction (i.e. the combined effect of both stressors was 
less negative than predicted additively), while DCD had a stronger positive effect on the 
relative abundance of Verrucomicrobia at fast flow velocity than at reduced velocity 
(see Figure A3 in the appendix). 
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Figure 6.1. Mean taxon richness (left panels) and community evenness (right panels) at the 
phylum, order, genus and OTU levels in the DCD and sediment treatments only. (Richness and 
evenness were unaffected by flow and nutrient treatments are therefore not shown). Error bars 
represent standard errors. P < 0.001 = ***, P < 0.01 = **, P < 0.05 = *. 
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Figure 6.2. Mean relative abundances of the common phyla, orders, genera and OTUs in the 



























































Orders   
 Other  Pirellulales 
 WD2101 (Phycisphaerae)  Xanthomonadales 
 Chthoniobacterales  Enterobacteriales 
 Legionellales  Rhizobiales 
 SC-I-84 (β-proteobacteria)  Verrucomicrobiales 
 Oscillatoriales  Rhodobacterales 
 Caulobacterales  Saprospirales 
 Cytophagales  Flavobacteriales 
 Bacillales  Sphingomonadales 
 Actinomycetales  Pseudomonadales 
 Sphingobacteriales  Burkholderiales 
 
Genera   
 Other  Phormidium 
 Sphingomonas  Exiguobacterium 
 Verrucomicrobiaceae UAG  Pirellulaceae UAG 
 Caulobacteraceae UAG  Comamonadaceae UAG 
 Rhizobiales UAG  Flavobacterium 
 Erwinia  Flavobacteriaceae UAG 
 Enterobacteriaceae UAG  Luteolibacter 
 Sphingomonadales UAG  Janthinobacterium 
 Pseudomonadaceae UAG  Acinetobacter 
 Novosphingobium  Chitinophagaceae UAG 
 Xanthomonadaceae UAG  Rhodobacter 
 SC-I-84 UAG  Massilia 
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OTUs   
 Other  Phormidium UAS 
 Sphingopyxis UAS  Pseudomonas UAS 2 
 Comamonadaceae UAS  Exiguobacterium sibiricum 
 Janthinobacterium lividum  Luteolibacter UAS 
 Pedobacter UAS  Rhodobacter UAS 
 Novosphingobium UAS  Massilia varians 
 Erwinia billingiae  Pseudomonas UAS 1 
 Acinetobacter UAS  Flavobacterium UAS 
 Pseudomonas UAS 3   
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6.4.3 Common orders 
The most abundant orders were Burkholderiales (Betaproteobacteria, contributing 
12.6 % of all sequences), Pseudomonadales (Gammaproteobacteria, 12.4 %), 
Sphingomonadales (Alphaproteobacteria, 8.0 %) and Flavobacteriales (Bacteroidetes, 
6.7 %) (Figure 6.2). Community composition of the 21 common orders was affected by 
all four stressors and DCD by sediment, DCD by nutrients and sediment by flow 
interactions (multivariate results, Table 6.1). DCD was the most pervasive stressor, 
affecting 16 orders (mean ES = 0.34), with four responding negatively and 12 positively 
(see Table 6.1 for details). Flow velocity reduction affected nine orders (ES = 0.17), 
with four responding negatively and five positively. Sediment addition also affected 
nine orders (ES = 0.16), with three becoming less prevalent while six increased. Only 
one order (Cytophagales) responded to nutrients (ES = 0.20), becoming more rare with 
enrichment. Six of the 21 orders (29 %) showed complex multiple-stressor responses 
(one or two 2-way interactions each; Table 6.1, Figure A4). Three orders showed DCD 
× flow interactions. DCD had a stronger positive effect on Verrucomicrobiales and 
Legionellales at fast flow velocity than at reduced velocity, while Enterobacteriales 
showed a double-negative, antagonistic response to DCD and flow velocity, with the 
combined effect of both stressors being less negative than predicted additively. Two 
orders showed DCD × sediment interactions, with sediment addition weakening the 
positive effect of DCD on the relative abundances of Pirellulales and Legionellales. 
Sediment addition increased the relative abundance of WD2101 (Phycisphaerae) in 
mesocosms with fast flow velocity, but this pattern was reversed at reduced velocity 
(sediment × flow interaction). Reduced flow velocity increased the relative abundance 
of Cytophagales mainly in mesocosms where nutrients were not enriched (flow × 
nutrient interaction). 
6.4.4 Common genera 
The most common genera were Pseudomonas (6.9 % of all sequences), Massilia 
(4.7 %), Rhodobacter (4.2 %), and an unidentified Chitinophagaceae genus (4.1 %). 
Community composition of the 25 common genera was affected by DCD, sediment, 
flow velocity and a DCD by flow interaction (multivariate results, Table 6.1). Again 
DCD was the most pervasive stressor, affecting 19 genera (mean ES = 0.32), with nine 
responding negatively and ten positively (see Table for details). Sediment affected 12 
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genera (mean ES = 0.17; five negatively, seven positively) and flow velocity reduction 
nine genera (ES = 0.16; six negatively, three positively), whereas nutrients affected 
none. Five of the 25 genera (20 %) showed complex multiple-stressor responses (Table 
6.1, Figure A5). Three genera showed DCD × flow interactions, with reduced flow 
velocity weakening the positive effect of DCD on Luteolibacter and another unassigned 
genus of Verrucomicrobiaceae, while Erwinia showed a double-negative, antagonistic 
response to DCD and flow velocity, with the combined effect being less negative than 
predicted additively. Sediment addition decreased the positive effect of DCD on an 
unassigned genus of Pirellulaceae (DCD × sediment interaction). Sediment addition had 
a stronger positive effect on Novosphingobium in mesocosms where nutrients were not 
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6.4.5 Common OTUs 
Community composition of the 16 most common OTUs (each contributing 1.0 – 3.4 % 
of all sequences) was affected by DCD, sediment, flow, DCD by sediment and DCD by 
flow interactions, but not by nutrients (multivariate results, Table 6.1). Once more DCD 
was the most pervasive stressor, affecting 14 OTUs (mean ES = 0.27), followed by 
sediment (8 OTUs, ES = 0.16) and flow velocity (3 OTUs, ES = 0.28), whereas 
nutrients had no significant effects.  
Seven OTUs responded negatively to DCD (Rhodobacter, Novosphingobium, 
Spingopyxis, Comamonadaceae, Flavobacterium, Pedobacter and Luteolibacter OTUs), 
whereas another seven responded positively (Janthinobacterium lividum, Massilia 
varians, Erwinia billingiae, an Acinetobacter OTU, two Pseudomonas OTUs and 
Exiguobacterium sibiricum) (Figure 6.3). Four OTUs each responded negatively 
(Exiguobacterium sibiricum and Novosphingobium, Comamonadaceae and Phormidium 
OTUs) or positively (Massilia varians, Erwinia billingiae, and Rhodobacter and 
Acinetobacter OTUs) to sediment. All three OTUs responding to flow (Erwinia 
billingiae and Comamonadaceae and Luteolibacter OTUs) decreased with flow velocity 
reduction.  
Three of the 16 OTUs (19 %) showed complex multiple-stressor responses (Table 6.1, 
Figure A6). Two OTUs showed DCD × flow interactions: Luteolibacter sp. responded 
more positively to added DCD at fast than at reduced flow velocity, while Erwinia 
billingiae decreased with both DCD and reduced flow velocity in a negative 
antagonistic interaction (combined stressor effects less negative than predicted 
additively). Acinetobacter sp. showed a double-negative, antagonistic response to DCD 
combined with sediment (DCD × sediment interaction). 
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Figure 6.3. Mean relative abundances (± SE) of the common OTUs that showed significant 
responses to DCD (upper panel), sediment (middle panel) or flow treatments (lower panel). 
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6.5 Discussion 
In this first experiment employing amplicon sequencing to investigate individual and 
interactive effects of multiple stressors on freshwater bacteria, agricultural stressors had 
considerable effects on bacterial community structure (and, implicitly, on ecosystem 
functioning). Of the four studied stressors, DCD was the most pervasive (in terms of 
size and prevalence of effects), significantly affecting community evenness and relative 
abundances of nearly all common taxa, regardless of level of taxonomic resolution 
(phylum, order, genus, OTU). Fine sediment was the second-most pervasive stressor, 
followed by flow velocity reduction, whereas nutrient enrichment had surprisingly little 
effect. In several cases these stressors also interacted.  
6.5.1 Single-stressor effects   
The pervasive effects of DCD on the bacterial community did not support my second 
hypothesis that DCD should have little effect on non-target bacteria while 
disadvantaging target ammonium-oxidising bacteria (which were too rare for statistical 
analysis and determining stressor effects). These findings for stream bacteria also 
contrast with those from soil ecosystems, where DCD application changed neither 
diversity nor composition of soil bacterial communities (O’Callaghan et al., 2010; 
Morales et al., 2015). O’Callaghan et al. (2010) found that DCD did not affect 
prevalence of four dominant phyla (Proteobacteria, Firmicutes, Actinobacteria, 
Acidobacteria), whereas in this experiment Proteobacteria and Firmicutes were 
disadvantaged by DCD while Actinobacteria and Acidobacteria were favoured. DCD 
addition also increased evenness at all four taxonomic levels investigated, by reducing 
the prevalence of certain common taxa, particularly Gammaproteobacteria within the 
orders Pseudomonadales (including Pseudomonas and Actinetobacter) and 
Enterobacteriales (including Erwinia billingiae), Betaproteobacteria belonging to the 
Oxalobacteraceae family (including Massilia varians and Janthinobacterium), and the 
Firmicutes species Exiguobacterium sibiricum. Consequently, DCD may have much 
more far-reaching effects in freshwater ecosystems compared to soils.  
The differences between the DCD effects of this study compared to those of the 
aforementioned soil bacteria studies may be related to the length of exposure to DCD. 
In this study, I applied DCD continuously, simulating a “worst-case scenario” of 
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sustained DCD leaching into streams. By contrast, O’Callaghan et al. (2010) and 
Morales et al. (2015) applied DCD once, at the beginning of their experiments, and 
target bacteria recovered from DCD effects with time. The continuous DCD application 
used in this study, preventing such a recovery, may have led to the stronger effects 
observed. Moreover, in soils there are persistent reservoirs of non-growing bacteria that 
do not exist in freshwater ecosystems. Therefore, soil bacterial communities may 
generally be more resilient and less affected by stressors than freshwater bacterial 
communities. Certain bacteria are also known to degrade DCD in soils, especially when 
other nitrogen sources are limited: a strain of Mycobacterium sp. (Hauser & 
Haselwandter, 1990), Rhodococcus and Pseudomonas bacteria (Hallinger et al., 1990), 
and Xanthomonas maltophilia under conditions of syntrophy with either Radiobacter 
sp. or Aureobacterium sp. (Schwarzer et al., 1998). It is unknown whether some 
freshwater bacteria can also degrade DCD, although DCD concentrations declined with 
time in simulated wetland ponds (Smith & Schallenberg, 2013). 
Deposited fine sediment was also a highly pervasive stressor. Sediment addition did not 
affect bacterial taxon richness but weakly increased evenness at the phylum level, 
consistent with previous findings in the same mesocosm setup. Magbanua et al. (2013a) 
and Piggott et al. (2015b) both found that bacterial taxon richness was unaffected by 
fine sediment, whereas evenness and diversity increased with added sediment in Piggott 
et al. (2015b). Sediment addition also changed bacterial community composition, 
supporting my third hypothesis that added sediment would benefit some taxa while 
negatively affecting others. Cyanobacteria within the order Oscillatoriales (which was 
mainly made up of an OTU within the genus Phormidium) were positively affected by 
sediment. Cyanobacteria such as Phormidium have been shown to be favoured by 
deposition of fine sediment (e.g. Cattaneo et al., 1997; Izagirre et al., 2009; Wagenhoff 
et al., 2013), perhaps due to their gliding motility (Hoiczyk, 2000) or increased ability 
to access nutrients such as iron in the sediment (Wood et al., 2015). 
Although flow velocity did not influence taxon richness or evenness, many common 
taxa were either positively or negatively affected by the reduction in flow velocity, 
supporting my fourth hypothesis. Although the velocity treatments used in this study 
were realistic for small farmland streams (Matthaei et al., 2010), even the “fast” 
treatment was relatively slow. Therefore, despite the fact that high shear forces from 
fast flow velocities can affect formation of biofilms (Liu & Tay, 2002; Battin et al., 
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2003), it is unlikely this happened in this experiment. More likely, reduced flow 
velocity affected bacteria through reduced availability of nutrients and oxygen from the 
water column due to an increase in the substratum boundary layer thickness (Stevens & 
Hurd, 1997; Eriksson, 2001; Battin et al., 2003).  
Nutrient enrichment was the least influential of the studied stressors (providing little 
support for my first hypothesis). Across all four levels of taxonomic resolution, only 
one common bacterial taxon responded significantly, the order Cytophagales, which 
became rarer with added nutrients. Cytophagales are found in a wide range of habitats 
but are also known to adapt to low nutrient concentrations (e.g. Höfle, 1983; Barton et 
al., 2004). The latter could explain why they thrived in the non-enriched treatments 
compared to enriched ones. The scarcity of nutrient effects in this experiment was 
surprising because in several previous studies enrichment increased stream bacterial 
biomass (Pace & Cole, 1996; Carr et al., 2005; Artigas et al., 2013; Tant et al., 2013) or 
changed community structure (Drury et al., 2013; Lau et al., 2015). Concentrations in 
the enriched treatments (2923 µg L-1 DIN-N, 221 µg L-1 DRP-P) were quite high for 
New Zealand farmland streams (Wagenhoff et al., 2011). Furthermore, they were near 
the upper end of the concentrations found in a survey of 223 New Zealand streams (Lau 
et al., 2015), where a bacterial community index was positively correlated with logDRP 
(range: 10-124 µg L-1) and negatively with logNOx (47-4268 µg L-1). The insensitivity 
of the bacterial community to nutrient enrichment might be a consequence of studying 
relative abundances; i.e., while there was little change in community composition there 
might have been effects on absolute abundances. Alternatively, while nutrient 
concentrations in the controls were fairly low (124 µg L-1 DIN-N, 11 µg L-1 DRP-P), 
they were still higher than in some other streams where nutrient-limitation has been 
reported (e.g. Tank & Dodds, 2003; Hill et al., 2009). Therefore, bacteria in controls 
might not have been nutrient-limited and were therefore unaffected by enrichment.  
6.5.2 Interactive effects 
Supporting my fifth hypothesis, interactions between stressors occurred at all taxonomic 
levels. The most common interaction was between DCD and flow velocity reduction 
(one phylum, three orders, three genera, two OTUs). Taxa either showed an antagonistic 
response, decreasing with both DCD and reduced velocity (with the combined effect 
less negative than predicted additively, for example for Erwinia billingiae and the 
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associated genus and order), or responded more positively to DCD at fast than at 
reduced velocity (this was consistent for all common taxa within the order 
Verrucomicrobiales). With reduced flow velocity, thickness of the substratum boundary 
layer increases and nutrient and oxygen availability decrease (Stevens & Hurd, 1997; 
Eriksson, 2001), possibly causing these interactive patterns.  
DCD also interacted with fine sediment (one phylum, two orders, one genus, one OTU). 
Affected taxa either showed an antagonistic response, decreasing with both DCD and 
sediment, with the combined effect less negative than predicted additively, or they 
responded more positively to DCD without added sediment. DCD may affect aquatic 
bacteria directly, by inhibiting ammonium oxidisers, or indirectly, through enrichment 
effects of DCD decay products (Smith & Schallenberg, 2013).  However, no DCD by 
nutrient enrichment interactions occurred in this experiment, and DCD effects were 
much stronger and more common than nutrient effects. This indicates that DCD 
influenced bacterial community composition directly rather than indirectly. 
6.5.3 Which taxonomic resolution is best for studying multiple-stressor effects? 
Despite the advancement in molecular methods such as high-throughput sequencing, 
many studies only scratch the surface of what information can be gained using such 
techniques. While these techniques can produce large datasets of sequences with high 
taxonomic resolution of microbial communities, out of practicality, often only high 
taxonomic levels (e.g. the common phyla) are assessed. While broad generalisations of 
their ecology can be and often are made at these high taxonomic levels, closely related 
taxa within these higher taxonomic levels can respond in different ways, with vastly 
different ecological requirements and tolerances (Philippot et al., 2010; Ruiz-González 
et al., 2015). 
This study addresses the open question: which level of taxonomic resolution provides 
the best trade-off between maximising the ability to detect multiple-stressor effects (and 
interpret them in ecologically meaningful ways) versus the goal of studying the entire 
bacterial community (rather than just a small fraction of it)? My final hypothesis had 
predicted that lower taxonomic levels (genus or OTU) should respond more sensitively 
than higher taxonomic levels (phylum or order) because these higher taxonomic levels 
are more likely to include taxa with opposing responses to stressors, consequently 
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diluting or obscuring the overall response. For both single-stressor effects and 
interactions, this hypothesis was largely rejected. Pervasiveness of single-stressor 
effects and their effect sizes were both reasonably consistent across the four taxonomic 
levels (see Table 6.2 for details). DCD increased community evenness at all taxonomic 
levels and affected around 75 % of the common phyla, orders and genera, but slightly 
more of the common OTUs (88 %). Sediment had its most pervasive effects at the 
phylum level, affecting 75 % of phyla compared to 50 % or less of the common orders, 
genera and OTUs. Flow velocity effects were most frequent at the order level (43%), 
followed by genus (36 %), phylum (25 %) and OTU (19 %). As discussed above, 
nutrients effects only occurred at the order level and were rare. The largest number of 
interactive effects was also detected at the order level (29 % compared to 25 % of phyla, 
20 % of genera and 19 % of OTUs). When combined, these findings provide little 
evidence that genus or OTU were more sensitive for detecting stressor effects and 
interactions than order or phylum.   
Table 6.2. Frequencies (in %) of significant effects and mean effect sizes (in parentheses) of the 
four stressors (DCD, sediment addition, flow velocity reduction and nutrient enrichment) and 
their second-order interactions on the common bacterial taxa at the four taxonomic levels. 
 
Phylum  Order  Genus  OTU Overall  
 (8 common) (21 common) (25 common) (16 common) (70 variables) 
DCD 75 % (0.34) 76 % (0.34) 76 % (0.32) 88 % (0.27) 79 % (0.31) 
Sediment 75 % (0.22) 43 % (0.16) 48 % (0.17) 50 % (0.16) 50 % (0.17) 
Flow velocity 25 % (0.16) 43 % (0.17) 36 % (0.16) 19 % (0.28) 33 % (0.18) 
Nutrients 0% 5 % (0.20) 0% 0% 1 % (0.20) 
DCD × Sed 13 % (0.11) 10 % (0.12) 4 % (0.10) 6 % (0.10) 7 % (0.11) 
DCD × Flow 13 % (0.09) 14 % (0.12) 12 % (0.11) 13 % (0.17) 13 % (0.12) 
DCD × Nut 0% 0% 0% 0% 0% 
Sed × Flow 0% 5 % (0.14) 0% 0% 1 % (0.14) 
Sed × Nut 0% 0% 4 % (0.12) 0% 1 % (0.12) 
Nut × Flow 0% 5 % (0.13) 0% 0% 1 % (0.13) 
 
When evaluating this counter-intuitive result, it must be kept in mind that high-
throughput amplicon sequencing provides massive datasets with a multitude of taxa 
belonging to lower taxonomic levels (e.g. 1474 genera and 41544 OTUs in this study). 
The vast majority of these, including ammonium-oxidising bacteria targeted by DCD, 
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were found in so few mesocosms that their distributions were dominated by zero values 
(absences). Consequently, abundance patterns of only a fraction of all genera or OTUs 
could be analysed statistically. I analysed individual responses of all taxa contributing at 
least 1 % of all sequences, and coverage of the community decreased with taxonomic 
resolution. Eight phyla (accounting for 96 % of the total number of sequences), 21 
orders (84 %), 25 genera (64 %) and 16 OTUs (28 %) were considered as common. The 
marked decrease in community coverage from phyla to OTUs resulted in considerable 
loss of information (because distribution patterns of most rare taxa at genus or OTU 
level had to be ignored), and this may explain why lower taxonomic levels did not 
outperform higher ones when detecting multiple-stressor effects. Low community 
coverage is most likely a key limitation of all OTU-level studies of aquatic or terrestrial 
bacteria. Nevertheless, in studies where OTUs or genera are assessed, percentages of 
community coverage are rarely provided and where provided, are typically low. For 
example, when studying a bacterial community impacted by heavy metal pollution 
using pyrosequencing 16S analysis, Gołębiewski et al. (2014) reported that the most 
abundant genera comprised only 43 % of all reads. 
This study provides some evidence that the order level could represent the best 
compromise between sensitivity/taxonomic resolution and the amount of coverage of 
the entire bacterial community. For several orders, the common genera and OTUs 
within the order largely responded in the same direction to certain stressors. For 
example, all common genera and OTUs within Pseudomonadales and 
Sphingomonadales responded negatively or positively to DCD, paralleling the 
respective response pattern at the order level. Similarly, Pseudomonadales, one OTU 
and the corresponding genus within this order all responded negatively to sediment, 
whereas Sphingomonadales, one OTU and the corresponding genus within that order all 
responded positively to sediment. Furthermore, Burkholderiales and the majority of 
common genera and OTUs within the order all responded negatively to DCD. However, 
within this order the common genera and OTUs showed a range of responses to 
sediment and flow velocity that were not evident at the order level. When combined, the 
findings of this study demonstrate that complex responses of genera and OTUs may 
sometimes, but by no means always, be hidden when grouped at order level. By contrast, 
in a survey of 12 sites along a Spanish river above and below a reservoir, Ruiz-
González et al. (2015) compared the distribution patterns of six common bacterial 
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classes with those of their constituent OTUs and concluded that class-level patterns 
largely failed to capture the dynamics of their constituent OTUs. This result could be 
due to the descriptive, uncontrolled nature of their study, whereas this study 
investigated responses to specific stressors in a controlled yet realistic experimental 
setting. Future multiple-stressor experiments will determine to which extent these 
findings can be generalized.   
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7 General Discussion 
7.1 Comparison of stressor responses 
In my thesis, I investigated the individual and combined effects of multiple agricultural 
stressors (the nitrification inhibitor DCD, nutrient enrichment, deposited fine sediment 
and reduced flow velocity simulating water abstraction) on stream benthic communities. 
In this chapter, I compare stressor effects across the stream surveys and mesocosm 
experiments presented in Chapters 2-6. Pervasiveness and strength of stressor responses 
are summarized in Table 7.1. In the autumn stream survey (Chapter 2), the only chapter 
in which the invertebrate community was investigated, invertebrates showed moderately 
strong responses to both dissolved nutrient concentrations and levels of deposited fine 
sediment. However, invertebrates were more commonly affected (in terms of the 
frequency of significant responses) by nutrients than by fine sediment. While 
invertebrate responses to sediment and nutrients were mixed (both positive and 
negative), there were more negative relationships with nutrients in Chapter 2. By 
contrast, the algal community, which was the focus of Chapters 3-5, was predominantly 
more strongly affected by sediment than by nutrients, with flow velocity reduction 
effects (in Chapter 5) also stronger and more common than nutrient effects while DCD 
effects were rare and fairly weak. On the other hand, the bacterial community was 
highly affected by DCD (see Chapter 6), with sediment and flow velocity reduction 
effects also pervasive, whereas nutrient effects were rare. Unimodal responses were 
present for both sediment and nutrients at both the algal and invertebrate community 
levels (although invertebrate unimodal responses were rare), indicating subsidy-stress 
responses to these stressors. 
In general, sediment could be considered the most pervasive stressor, with frequent 
significant effects on invertebrates, algae and bacteria. These included positive effects 
on the pollution-tolerant bioindicator invertebrate taxon, Potamopyrgus antipodarium 
(Chapter 2), and a mixture of positive and negative effects on the algal and bacterial 
communities. Nutrient effects were also highly pervasive, with moderate effects on 
invertebrates and common but weak effects on algae. However effects on bacteria were 
surprisingly rare. 
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Flow velocity reduction was an influential stressor for both algal (Chapter 5) and 
bacterial communities (Chapter 6), with mainly negative effects on algae and a 
moderate influence on both algal and bacterial community structure. Natural stream 
flow regimes are known to be strong drivers of stream ecosystems (Poff et al., 1997), 
therefore it could be expected that changes to stream flow would have far-reaching 
effects on stream communities. Flow exerts a direct physical force on stream organisms 
with shear-stress effects on biofilm communities (Stevenson et al., 1996; Liu & Tay, 
2002; Battin et al., 2003). However, it is unlikely that algae and bacteria within the 
biofilms in these experiments were affected by high shear forces from fast flow 
velocities. Although the velocity treatments used in this study were realistic for small 
farmland streams (Matthaei et al., 2010), the “fast” treatment was relatively slow in this 
context. Given that the difference between my “fast” and “slow” experimental flow 
velocities were fairly subtle, the effects of this manipulation were surprisingly strong 
and pervasive. Because shear stress was unlikely to have played a role in driving these 
responses, it appears that bacterial and algal communities were affected by reduced flow 
velocity through reduced availability of nutrients and oxygen from the water column 
(and resulting shifts in interspecific competition dynamics) due to an increase in the 
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Table 7.1. Frequencies (in %) and mean effect sizes (in parentheses) of significant effects of the 
four investigated stressors (fine sediment addition, nutrient enrichment, DCD addition, flow 
velocity reduction) on the different response variables (invertebrates, algae and bacteria) in the 
different chapters and studies of my thesis. Abbreviations of stressor response directions/shapes: 
umod = unimodal, neg = negative, pos = positive. 
 
 
7.1.1 Dicyandiamide: a potential threat to freshwater ecosystems? 
The combined findings of the two stream mesocosm experiments (Chapters 4-6) 
indicate that DCD appears to be a relatively benign stressor (in terms of effect 
frequency and effect size) for stream algal communities, compared to the known 
agricultural stressors deposited fine sediment addition, stream flow velocity reduction 
and nutrient enrichment. The experiment described in Chapter 4 tested the effects of a 
wide gradient of DCD concentrations, with the two top levels being much higher (and 
beyond levels realistically found in farmland streams) than in the experiment described 
in Chapter 5 and 6, which tested the effects of DCD addition at realistic concentrations 
and in realistic pulses. These differences resulted in DCD having more negative effects 
on the algal community in the experiment described in Chapter 4 compared to that in 
Chapter 5. However, across both experiments DCD still had rarer and weaker effects on 
the algal community in comparison to the other agricultural stressors (fine sediment, 
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experiments were also affected by some interactions between DCD and the other 
stressors, and in several cases DCD effects became more negative when DCD combined 
with one or two other stressors. These interactive effects indicate that, while DCD 
leaching from farmland may not alter benthic algal communities in streams without 
other stressor impacts, DCD could have some negative impacts on these communities in 
streams that are already affected by several other stressors. This scenario is common in 
certain types of agricultural streams, for example in those draining dairy farms (see e.g. 
Matthaei et al., 2006; Niyogi et al., 2007; Wagenhoff et al., 2011). 
In contrast to effects of DCD on the algal community being generally rare and weak, the 
bacterial community was strongly influenced the DCD (with moderate effects that were 
highly pervasive). In fact, DCD appeared to have much more far-reaching effects on 
freshwater bacteria compared to soil bacteria, strongly influencing the composition of 
the overall bacteria community, not simply affecting the target bacteria (as in a number 
of studies involving farmland soils, e.g. O’Callaghan et al., 2010; Morales et al., 2015). 
These results indicate that, perhaps, the algal community was influenced indirectly by 
DCD, through DCD effects on the bacterial community, which may also result in 
longer-term effects on stream nutrient cycling, metabolic processes and ecosystem 
functioning (Cotner & Biddanda, 2002; Battin et al., 2003; Zeglin, 2015). Due to the 
relatively short-term nature of my two mesocosm experiments (3-4 weeks) and because 
the influence of a stressor often depends on the generation time of the organism in 
question (Townsend & Hildrew, 1994), such indirect DCD effects may have been less 
evident in the algal communities than for the bacterial communities.  
Together these results demonstrate that DCD has particularly marked effects on stream 
bacterial communities, with more subtle effects on the algal communities in these 
experiments. The effects of DCD are also influenced by other agricultural stressors, 
which in some cases effects may be exacerbated. It can therefore be recognised that 
DCD poses a potential threat to freshwater ecosystems and the consequences on 
ecosystem functioning remain unknown. 
7.1.2 Stressor interactions 
Multiple-stressor effects were present in four of my five data chapters (Table 7.2). 
Chapter 2, the invertebrate chapter, was highly focused on two bioindicator taxa and 
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less inclusive of the entire community. Non-additive complex interactions characterized 
54 % of all multiple-stressor effects in the five data chapters. Furthermore, several 
synergistic patterns were also present. In these cases, research focusing solely on the 
individual stressor effects will underestimate the effect of the stressors in a multiple-
stressor context, common in real-world systems (Folt et al., 1999). This is a concern as 
these interactions may also cause more a rapid decline of ecosystems in response to 
agricultural stressors. Antagonistic interactions between the stressors were also present. 
These interactions occur when a community is made up of individuals that are either 
tolerant or sensitive to stress. For example, sediment may remove the most sensitive 
taxa (e.g. through smothering the biofilm), the remaining community will be tolerant of 
additional stressors such as effects of current velocity (Vinebrooke et al., 2004). 
Management of individual stressors may be ineffective when stressors interact 
antagonistically, therefore it is important to understand how stressors interact in order to 
best allocate resources for management (Brown et al., 2013). 
While, the study of multiple stressors is a growing research area in aquatic ecology, 
with a large conceptual knowledge base, there is still a lack of studies that provide 
quantitative evidence of multiple stressor effects (Nõges et al., 2016). Many ‘multiple-
stressor’ studies simply investigate the combined effect of stressors applied 
simultaneously (e.g. Cochero et al., 2015), and do not examine interactive effects. 
Consequently research on stressors interactions, such as investigated in my thesis, 
contribute valuable information to this field of research. 
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Table 7.2. Frequencies (in %) and mean effect sizes (in parentheses) of significant two-way or 
three-way interactions between the four focal stressors (Sed = sediment addition, Nut = nutrient 
enrichment, DCD = DCD treatments, Flow = flow reduction) on the different response 
(invertebrate, algae and bacteria) in the different chapters and studies of my thesis. All four-way 
interactions were insignificant.  
 
7.2 Relative merits of survey and experimental approaches 
The results of my thesis indicate that these two approaches arrived at similar 
conclusions. For example, algal community and common taxa often responded similarly 
to nutrients and sediment in the field surveys and mesocosm experiments, suggesting 
that in these cases, the effects of the focal stressors were not confounded by other 
variables that may influence the algal communities in the surveys.  
While all trait categories showed significant responses to the stressors in the 
experiments, several trait groups were unaffected in one or both surveys. For example: 
attachment, nitrogen fixation and motility were unaffected by nutrients and sediment in 
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spring survey. Furthermore, several trait response variables showed significant 
responses to the nutrient and sediment stressors in the experiments only. 
The most notable difference between the two approaches was that sediment effects were 
much more pervasive in the experiments compared to the surveys (Table 7.1). This 
indicated that the controlled nature of these experiments, enhanced the ability to detect 
sediment effects. Also, the greatest number of interactive effects between nutrients and 
sediment were observed in experiment 1 (Chapter 4) (Table 7.2), suggesting that in 
some cases multiple-stressor effects were masked in the surveys, where conditions were 
uncontrolled and several factors beyond the focal stressors may have influential effects 
on the stream communities. These multiple-stressor effects, however, become evident 
when the stressors are manipulated in a controlled experiment. Contradicting this, 
experiment 2 (Chapter 5) had very few interactions between nutrients and sediment. 
This may be because, while experiment 1 investigated the effects of three stressors 
(nutrients, sediment and DCD), experiment 2 had the additional stressor of reduced 
current velocity, investigating a total of four stressors. This indicated that by 
manipulating a greater number of stressors in experimental conditions, the power of 
identifying multiple-stressor responses may be reduced, particularly when stressors 
other than the focal stressors (i.e. in this case flow velocity) are highly influential. 
7.3 Algal biological traits as a tool for studying multiple-stressor effects 
In the three algal chapters, I tested the usefulness of species traits in understanding 
responses of stream algae in a multiple-stressor setting, by applying the algal trait-based 
conceptual framework developed by Lange et al. (2016). This framework includes 
morphological, physiological, behavioural and life-history traits relating to resource 
acquisition and resistance to disturbance. The direction of the trait responses to nutrients 
and sediment stressors were fairly consistent between the two experiments (Table 7.3). 
For example, micro-sized cells responded positively to sediment deposition in both 
experiments, while meso- and macro-sized cells responded negatively, and very large 
sized cells showed a positive response to nutrients. Algae with low attachment also 
responded positively to sediment and nutrients, while those with stronger attachment 
responded negatively. Trait responses in the surveys were more variable. Although 
common taxa also responded fairly consistently to the nutrient and sediment stressors 
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where taxa were common in both experiments, the composition of the common taxa 
was variable. Together, my three studies demonstrated that biological traits can be very 
helpful in identifying potential mechanisms driving observed changes in algal densities 
and community composition in response to environmental stressor gradients in real 
streams or different levels of experimentally manipulated stressors.  
Table 7.3. Summary of the direction of trait responses to deposited fine sediment and 
enrichment nutrients in the autumn and spring surveys (S1 and S2 respectively), and the two 
mesocosm experiments. S1 = Autumn survey (Chapter 3), S2 = Spring survey (chapter 3), E1 = 
mesocosm experiment 1 (Chapter 4), E2 = mesocosm experiment 2 (Chapter 5). Response 
directions and related symbols: negative (-), positive (+), unimodal (U) (only tested in the 
surveys), and effect size of interaction is greater than main effect (×) (indicating that interactive 
effects override factor main effects; see Quinn & Keough, 2002). 
	
TRAITS S1 S2 E1 E2 S1 S2 E1 E2
Cell size:
nano (5 ≤ 100 µm3) - × - U -
micro (100 ≤ 300 µm3) U + + × +
meso (300 ≤ 600 µm3) × + - - - × -
macro (600 ≤ 1500 µm3) + × - - × U
very large (> 1500 µm3) + U + +
Life form:
colonial +
filamentous - × U - +
unicellular U -
Attachment to substratum:
low - no fixation structure U + + × + +
medium - attached - - - -




attached - - -
gliding × + + ×





none U + U × -
zoospores
akinetes × + × - U +
oospores and zygospores U - -
Sediment Nutrients
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This trait-based approach was also useful in identifying complex interactions between 
stressors. In Chapter 4, trait response variables showed a lower proportion of significant 
complex interactions (35 % of trait response variables had complex interactions) 
compared to community and common taxa response variables (68 %). However, in 
Chapters 3 and 5 traits were in fact better at allowing detection of complex interactions. 
In Chapter 5, 62 % of trait response variables had complex interactions compared to 
25% of the community and common taxa responses. Chapter 3 showed a similar pattern 
with an average of 25 % of traits with complex responses and only 7 % of community 
and common taxa. This difference may be due to the variability of the studied algal 
communities. The algal communities in the two stream surveys, which were conducted 
across several different catchments (Chapter 3), were considerably more variable than 
the algal communities in the two well-controlled experiments (Chapter 4 and 5). 
Furthermore, the algal community in Chapter 5 (autumn) was more variable than the 
community in Chapter 4 (spring/summer) and its evenness was lower, with the 
community in Chapter 5 dominated by a few taxa. These results were in contrast to the 
findings of a recent meta-analysis of multiple stressors in freshwater ecosystems, which 
concluded that functional metrics were less sensitive than diversity metrics to 
interactions between two stressors (Jackson et al., 2016). However, using a trait-based 
approach allowed species to be grouped into functional categories, providing greater 
consistency in responses to the manipulated stressors. This is especially useful in 
surveys where communities are highly variable between sites and there are few 
common taxa. Furthermore, the way stressors interact depends on whether their modes 
of impact are correlated and on whether stressors directly affect physiology or 
behaviour, or indirectly affect food webs (Townsend et al., 2008). Therefore approaches 
investigating behavioural and physiological traits are particularly useful tools for 
investigating multiple-stressor effects. 
Due to the ease and aesthetic appeal of identifying clean diatom frustules, researchers 
often focus on diatoms, ignoring soft-bodied algae (Kelly, 2013). However, as shown in 
my PhD research as well as previous related studies (e.g. Bellinger & Sigee, 2010; 
Magbanua et al., 2013a; Lange et al., 2016), soft-bodied algae can be an important 
component of the periphyton. While soft-bodied algae were less common in my 
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mesocosm experiments, in the surveys, the most common green algal taxa comprised 
over 40 % of the total cell counts. Traits that are absent or rare in diatoms, such as spore 
formation (Souffreau et al., 2010) and nitrogen-fixation (Bellinger & Sigee, 2010), were 
found to have fairly strong relationships to the nutrient and sediment stressors in my 
study. By using a trait-based approach, non-diatom components of stream periphyton, 
such as green algae (Chorophyta), red algae (Rhodophyta) and cyanobacteria, can easily 
be incorporated. 
The use of trait-based approaches is, however, limited in particular by the availability of 
species-specific trait information. Therefore, before this tool can be widely 
implemented, current trait databases need to be expanded and made more 
comprehensive. The use of traits as independent response variables is also a contentious 
issue, as traits are often linked together by evolution and therefore cannot necessarily be 
treated independently (the so-called “trait syndrome”; see Poff et al., 2006). 
Consequently, the role and importance of inter-trait correlations and trait co-variance 
needs to be assessed and an integrative response assembling different combinations of 
traits could be considered (Mouillot et al., 2013; Verberk et al., 2013; Laughlin & 
Messier 2015). 
7.4 Using Genetic tools to compliment ecological research 
Recently there has been increasing interest in including molecular methods in 
ecological research (Geist, 2011; Pilgrim et al., 2011; Brodersen & Seehausen, 2014; 
Cristescu, 2014; Joly et al., 2014; Pauls et al., 2014). Such methods are particularly 
useful when morphology-based taxonomy is difficult or taxa are morphologically 
ambiguous. In Chapter 2, I demonstrated that molecular methods may be especially 
important to help identify cryptic stream invertebrate species, as such species cannot be 
distinguished morphologically yet may respond differently to stressors due to 
differences in ecological requirements and tolerances, as has previously been observed 
in other species (Feckler et al., 2012; Obertegger et al., 2014). The mayfly genus 
Deleatidium was found to include several cryptic species, which responded in different 
directions to the two key agricultural stressors, nutrients and fine sediment (one 
positively, one negatively). This result was of particular interest as Deleatidium is an 
important bioindicator in New Zealand streams, and for these species stressor responses 
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were masked at the genus level, which is the most common level used in stream 
bioassessments and ecological research (Stark & Maxted, 2007).  
The rapid recent advancement of molecular methods has also created some techniques 
that can quickly and reliably investigate entire bacterial communities, such as high-
throughput amplicon sequencing. In Chapter 6, I demonstrated that multiple-stressor 
effects on stream bacterial communities can be investigated using 16S rRNA high-
throughput amplicon sequencing, which produce very large amounts of data (e.g. in my 
study 247049 ± 5921 (SE) reads per sample that clustered into 41544 OTUs at a 97 % 
level of sequence similarity). While in previous studies of stream bacteria employing 
amplicon sequencing often only high taxonomic levels (e.g. the common bacterial 
phyla) have been assessed, my results supported previous studies, demonstrating that 
closely related taxa within these higher bacterial taxonomic levels can respond in 
different ways, with vastly different ecological requirements and tolerances (Philippot 
et al., 2010; Ruiz-González et al., 2015).  
The results of these two studies on invertebrates and bacteria (Chaper 2 and 6), together 
highlight the importance and potential of molecular methods for reliable species 
identification and demonstrate that genetic methods are a powerful tool for generating 
reliable data for stream bioassessment (based on macroinvertebrates) and ecological 
research on stream bacterial communities. Furthermore, my findings for stream bacteria 
demonstrate that there is a compromise between sensitivity/taxonomic resolution and 
the amount of coverage of the bacterial community that can be achieved. However, the 
extent to which reduced sensitivity resulting from lumping species/taxa to higher 
taxonomic levels affects management decisions is debatable and may be dependent on 
the management context (e.g. Chessman et al., 2007; Pilgrim et al., 2011). The effects 
of this practice are probably less important in general assessments of aquatic ecosystem 
condition than when diagnosing stressors or classes of stressors affecting the condition 
of an aquatic community (Pilgrim et al., 2011).  
7.5 Future research directions 
In my thesis, I investigated the effects of DCD in a fairly realistic and fairly well 
controlled experimental mesocosm setup. However, to extrapolate these findings further 
Chapter 7 – General Discussion 
 160
it would be ideal to examine the individual and combined effects of DCD in a real-
world situation to complement my mesocosm experiments, and also to investigate long-
term effects of DCD and the effects of DCD decay products. For instance, field surveys 
of streams on farms where DCD application is known (ideally the surveyed sites would 
also span gradients of one or two other agricultural stressors to allow examining stressor 
interactions). However, such a study cannot currently be carried out as the use of DCD 
is still not permitted in New Zealand. A comprehensive evaluation of the on and off 
farm effects of DCD is required to determine whether the benefits of DCD as a tool for 
on-farm nitrogen management through decreasing nitrate leaching, outweigh the 
ecological costs due to leaching of DCD itself. 
Multiple-stressor experiments could provide valuable insight into observed seasonal 
differences in the algal community composition and responses to stressors.   
Highly controlled laboratory studies may also be useful to further elucidate the 
mechanisms of the observed individual and combined stressor effects, particularly as 
the mechanisms through which chemicals such as these nitrification inhibitors, act on 
stream organisms are not well understood. While several of the multiple-stressor 
responses are well studied, there is a deficit in the understanding of the mechanism 
resulting in complex non-additive responses. Molecular methods may also help identify 
these mechanisms, for example by using high-throughput amplicon sequencing to 
sequence functional genes such as those involved in the nitrogen cycle. This could be 
combined with RT-qPCR to identify transcriptional changes in these genes in response 
to stressors. This would help determine whether or not DCD negatively affects the 
target bacteria in freshwater systems (as it does in soils) or affects the bacterial 
community through some other mechanism. 
The use of metagenomic and metatranscriptomic approaches have the potential to 
identify changes in the abundance of genes and their transcript levels can provide 
insight into changes in metabolic potential and activity in the stream benthic community. 
Freshwater algal communities face similar identification issues as invertebrates and 
bacteria. Some algae, for example soft-bodied algae, can only reliably be identified to 
genus or higher taxonomic levels and the identification of diatoms relies on electron 
microscopic examination of their frustules to distinguish subtle morphological 
differences of different species. This requires great taxonomic expertise to avoid 
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misidentification which is very time consuming. Therefore, the development of 
molecular tools to identify and analyse entire algal communities would be very useful 
and timely. Some progress is being made in the advancement of such molecular tools, 
for example the development of a molecular tool to simultaneously analyse mixtures of 
diatoms (Cimarelli et al., 2015).  
A trait-based approach could also be used to further investigate stressor effects on 
bacterial communities as bacterial traits are phylogenetically conserved. Software is 
available to predict bacterial ecotypes from environmental DNA samples as an 
alternative to OTU clustering (Koeppel & Wu, 2013). This may help elucidate 
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Chapter 2: Data accessibility  
COI DNA sequences: GenBank accession numbers for Deleatidium: KT372922–
KT373441.  
H3 DNA sequences: GenBank accession numbers for Deleatidium: KT373747–
KT373786.  





Figure A1. a) COI haplotype network (TCS, 95% connection limit) of Deleatidium spp. 
Colours indicate clades (1-12) , black bars indicate haplotypes that were not sampled. b) H3 
allele network (TCS, 95% connection limit) of Deleatidium spp.. Colours indicate clades (1-12), 
black bars indicate alleles that were not sampled. c) COI haplotype network (TCS, 95% 
connection limit) of Potamopyrgus spp. Black bars indicate haplotypes that were not sampled.  
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Figure A2. FST and Euclidean distance relationships for Deleatidium clade 1, clade 2, clade 3 
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Table A1. List of all algal taxa that occurred in the stream surveys and mesocosms, along with 















Bacillariophyceae Achnanthes inflata c4 - macro unicellular low 0 drift Fission none
Bacillariophyceae Achnanthidium spp. (minutissimum ) c1 - nano unicellular high 0 attached Fission none
Bacillariophyceae Cocconeis placentula c4 - macro unicellular high 0 attached Fission none
Bacillariophyceae Cyclotella spp. (meneghiniana) c4 - macro unicellular low 0 drift Fission none
Bacillariophyceae Cymbella aspersa c5 - largest unicellular medium 0 attached Fission none
Bacillariophyceae Cymbella cuspidata c4 - macro unicellular medium 0 attached Fission none
Bacillariophyceae Cymbella kappii c3 - meso unicellular medium 0 attached Fission none
Bacillariophyceae Cymbella tumida c4 - macro unicellular medium 0 attached Fission none
Bacillariophyceae Diatoma hiemale (var. mesodon) c4 - macro colonial low 0 attached Fission none
Bacillariophyceae Diatoma tenuis c2 - micro colonial low 0 attached Fission none
Bacillariophyceae Diatomella parva c1 - nano unicellular low 0 drift Fission none
Bacillariophyceae Didymosphenia germinata c5 - largest unicellular medium 0 attached Fission none
Bacillariophyceae Encyonema minuta c2 - micro unicellular medium 0 attached Fission none
Bacillariophyceae Epithemia adnata c5 - largest unicellular low 1 attached Fission none
Bacillariophyceae Epithemia sorex c4 - macro unicellular low 1 attached Fission none
Bacillariophyceae Eunotia spp. c2 - micro unicellular low 0 attached Fission none
Bacillariophyceae Fragilaria capucina c1 - nano unicellular low 0 attached Fission none
Bacillariophyceae Fragilaria ungeriana c2 - micro unicellular low 0 attached Fission none
Bacillariophyceae Fragilaria vaucheriae c2 - micro colonial low 0 attached Fission none
Bacillariophyceae Fragilariaformia sp. (viriscens) c2 - micro colonial high 0 attached Fission none
Bacillariophyceae Frustulia rhomboides var. crassinervia c5 - largest unicellular low 0 gliding Fission none
Bacillariophyceae Frustulia vulgaris c5 - largest unicellular low 0 gliding Fission none
Bacillariophyceae Gomphoneis minuta var. cassieae c5 - largest unicellular medium 0 attached Fission none
Bacillariophyceae Gomphonema acuminatum c4 - macro unicellular medium 0 attached Fission none
Bacillariophyceae Gomphonema angustatum c3 - meso unicellular medium 0 attached Fission none
Bacillariophyceae Gomphonema berggrenii c3 - meso unicellular medium 0 attached Fission none
Bacillariophyceae Gomphonema clavatum c3 - meso unicellular medium 0 attached Fission none
Bacillariophyceae Gomphonema parvulum c3 - meso unicellular medium 0 attached Fission none
Bacillariophyceae Gomphonema spp. c3 - meso unicellular medium 0 attached Fission none
Bacillariophyceae Gomphonema truncatum c3 - meso unicellular medium 0 attached Fission none
Bacillariophyceae Gyrosigma sp. (spencerii ) c4 - macro unicellular low 0 gliding Fission none
Bacillariophyceae Hantzschia amphioxys c4 - macro unicellular low 0 gliding Fission none
Bacillariophyceae Melosira varians c5 - largest filamentous low 0 drift Fission none
Bacillariophyceae Meridion circulare c4 - macro colonial medium 0 attached Fission none
Bacillariophyceae Navicula capitoradiata c3 - meso unicellular low 0 gliding Fission none
Bacillariophyceae Navicula cryptocephala c3 - meso unicellular low 0 gliding Fission none
Bacillariophyceae Navicula cryptotenella c2 - micro unicellular low 0 gliding Fission none
Bacillariophyceae Navicula lanceolata c3 - meso unicellular low 0 gliding Fission none
Bacillariophyceae Navicula  spp. (small) c2 - micro unicellular low 0 gliding Fission none
Bacillariophyceae Nitzschia acicularis c2 - micro unicellular low 0 drift Fission none
Bacillariophyceae Nitzschia amphibia c2 - micro unicellular low 0 gliding Fission none
Bacillariophyceae Nitzschia dissipata c2 - micro unicellular low 0 gliding Fission none
Bacillariophyceae Nitzschia gracilis unicellular low 0 gliding Fission none
Bacillariophyceae Nitzschia linearis c5 - largest unicellular low 0 gliding Fission none
Bacillariophyceae Nitzschia palea c2 - micro unicellular low 0 gliding Fission none
Bacillariophyceae Pinnularia cf interupta c4 - macro unicellular low 0 gliding Fission none
Bacillariophyceae Pinnularia cf subcapitata c4 - macro unicellular low 0 gliding Fission none
Bacillariophyceae Pinnularia gibba unicellular low 0 gliding Fission none
Bacillariophyceae Pinnularia spp. unicellular low 0 gliding Fission none
Bacillariophyceae Pinnularia viridis unicellular low 0 gliding Fission none
Bacillariophyceae Planothidium spp. (lanceolatum) c2 - micro unicellular high 0 attached Fission none
Bacillariophyceae Reimeria sinuata c2 - micro unicellular high 0 attached Fission none
Bacillariophyceae Rhoicosphenia abbreviata c3 - meso unicellular low 0 attached Fission none
Bacillariophyceae Rhopalodia nova-zealandiae c5 - largest unicellular low 1 gliding Fission none
Bacillariophyceae Rossithidium spp. c2 - micro unicellular high 0 attached Fission none
Bacillariophyceae Stauroneis anceps c2 - micro unicellular low 0 gliding Fission none
Bacillariophyceae Stauroneis sp. c2 - micro unicellular low 0 gliding Fission none
Bacillariophyceae Surirella angusta c4 - macro unicellular low 0 gliding Fission none
Bacillariophyceae Surirella cf brebissonii c4 - macro unicellular low 0 gliding Fission none
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Table A1. Continued. 
 
  











Bacillariophyceae Synedra acus c4 - macro unicellular medium 0 attached Fission none
Bacillariophyceae Synedra acus / ulna c4 - macro unicellular medium 0 attached Fission none
Bacillariophyceae Synedra biceps c5 - largest unicellular low 0 attached Fission none
Bacillariophyceae Synedra delicatissima c3 - meso unicellular medium 0 attached Fission none
Bacillariophyceae Synedra ulna c4 - macro unicellular medium 0 attached Fission none
Bacillariophyceae Synedra ulna var. ramesi c4 - macro unicellular medium 0 attached Fission none
Bacillariophyceae Tabellaria flocculosa c3 - meso filamentous low 0 drift Fission none
Chlorophyceae Ankistrodesmus sp. c1 - nano colonial low 0 drift Fission none
Chlorophyceae Closterium spp. c5 - largest unicellular low 0 drift Fission
OoS 
ZyS
Chlorophyceae Cosmarium spp. c5 - largest unicellular low 0 drift Fission
OoS 
ZyS
Chlorophyceae Filamentous Green spp. filamentous medium 0 attached Frag
Chlorophyceae Geminella spp. c1 - nano filamentous low 0 drift Frag
Akinete
s
Chlorophyceae Gloeocystis spp. c2 - micro colonial low 0 attached Fission
Chlorophyceae Klebsormidium spp. c1 - nano filamentous medium 0 attached Frag ZooS
Chlorophyceae Mougeotia spp. c5 - largest filamentous low 0 drift Frag
OoS 
ZyS
Chlorophyceae Oedogonium spp. c5 - largest filamentous medium 0 attached Frag
OoS 
ZyS
Chlorophyceae Scenedesmus spp. c1 - nano colonial low 0 drift Fission
Akinete
s
Chlorophyceae Selenastrum sp. c1 - nano colonial low 0 drift Fission none
Chlorophyceae Spirogyra spp. c5 - largest filamentous low 0 drift Frag
OoS 
ZyS
Chlorophyceae Staurastrum sp. c5 - largest unicellular low 0 drift Fission
Chlorophyceae Stigeoclonium spp. c3 - meso filamentous medium 0 attached Frag
Akinete
s
Chlorophyceae Ulothrix sp. c5 - largest filamentous medium 0 attached Frag
Akinete
s
Chlorophyceae Vaucheria spp. c5 - largest filamentous medium 0 attached Frag
OoS 
ZyS
Cyanophyceae Aphanocapsa spp. c1 - nano colonial low 0 drift Fission none
Cyanophyceae Coleodesmium spp. c2 - micro filamentous medium 1 attached Frag none
Cyanophyceae Lyngbya sp. c2 - micro filamentous low 0 drift Frag none
Cyanophyceae Merismopedia spp. c1 - nano colonial low 0 drift Fission none
Cyanophyceae Oscillatoria sp. c2 - micro filamentous low 1 gliding Frag
Akinete
s
Cyanophyceae Phormidium  sp. c1 - nano filamentous low 0 gliding Frag none
Cyanophyceae Rivularia spp. c1 - nano filamentous medium 1 attached Frag none
Cyanophyceae Spirulina  spp. filamentous medium 0 attached Frag none
Rhodophyta Audouinella sp. c3 - meso filamentous medium 0 attached Frag none
Xantophyta Tribonema spp. c4 - macro filamentous low 0 drift Frag ZooS
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Chapter 6: Information on the two negative controls  
The control samples comprised an average of 27170.0 ± 1326.5 reads and contained 
1211 different OTUs, the most abundant being: 25.6 % Flavobacteriaceae sp., 14.5% 
Pedobacter sp., 13.4 % Pseudomonas sp., 8.7 % Caulobacteraceae sp., 7.3 % 
Alcaligenaceae sp., 3.6 % Stenotrophomonas sp., and 1 % Exiguobacterium sp. 
Chapter 6:  Interaction plots 
 
 
Figure A3. Mean relative abundances (± SE) of the common phyla that showed significant 
DCD by sediment (Proteobacteria) or DCD by flow interactions (Verrucomicrobia). p < 0.001 = 













   





















   













DCD x Sed * 
DCD *** 




Figure A4. Mean relative abundances (± SE) of the common orders that showed significant 
DCD by flow (Verrucomicrobiales, Enterobacteriales, Legionellales), DCD by sediment 
(Pirellulales, Legionellales), flow by nutrient (Cytophagales), or sediment by flow interactions 
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Figure A5. Mean relative abundances (± SE) of the common genera that showed significant 
DCD by flow (Luteolibacter, an unassigned genus of the family Verrucomicrobiaceae, and 
Erwinia), DCD by sediment (a genus in the family Pirellulaceae), or sediment by nutrient 
interactions (Novosphingobium). p < 0.001 = ***, p < 0.01 = **, p < 0.05 = *. 
 
 
Figure A6. Mean relative abundances (± SE) of the common OTUs that showed significant 
DCD by flow (Luteolibacter OTU and Erwinia billingiae) or DCD by sediment interactions 
(Acinetobacter OTU). p < 0.001 = ***, p < 0.01 = **, p < 0.05 = *. 
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Chapter 6: Taxonomic classifications of the common phyla, orders, genera and 
OTUs 













Common Orders (21) 
  Phylum Class Order % 
Proteobacteria Alphaproteobacteria Sphingomonadales 8.0 
Proteobacteria Alphaproteobacteria Rhodobacterales 4.7 
Proteobacteria Alphaproteobacteria Rhizobiales 3.9 
Proteobacteria Alphaproteobacteria Caulobacterales 1.8 
Proteobacteria Betaproteobacteria Burkholderiales 12.6 
Proteobacteria Betaproteobacteria SC-I-84 1.8 
Proteobacteria Gammaproteobacteria Pseudomonadales 12.4 
Proteobacteria Gammaproteobacteria Enterobacteriales 3.6 
Proteobacteria Gammaproteobacteria Xanthomonadales 2.8 
Proteobacteria Gammaproteobacteria Legionellales 1.4 
Bacteroidetes [Saprospirae] [Saprospirales] 4.8 
Bacteroidetes Cytophagia Cytophagales 2.0 
Bacteroidetes Flavobacteriia Flavobacteriales 6.7 
Bacteroidetes Sphingobacteriia Sphingobacteriales 2.3 
Verrucomicrobia [Spartobacteria] [Chthoniobacterales] 1.4 
Verrucomicrobia Verrucomicrobiae Verrucomicrobiales 4.6 
Planctomycetes Phycisphaerae WD2101 1.0 
Planctomycetes Planctomycetia Pirellulales 2.4 
Actinobacteria Actinobacteria Actinomycetales 2.2 
Cyanobacteria Oscillatoriophycideae Oscillatoriales 1.8 







Common Genera (25) 
    Phylum Class Order Family Genus % 
Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae UA 1.3 
Proteobacteria Alphaproteobacteria Rhizobiales UA UA 1.4 
Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter 4.2 
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Novosphingobium 1.7 
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingomonas 1.2 
Proteobacteria Alphaproteobacteria Sphingomonadales UA UA 1.5 
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae UA 2.8 
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia 4.7 
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Janthinobacterium 3.5 
Proteobacteria Betaproteobacteria SC-I-84 UA UA 1.8 
Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae UA 1.5 
Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia 1.5 
Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 3.7 
Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 6.9 
Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae UA 1.7 
Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae UA 1.7 
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae UA 3.2 
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Flavobacterium 2.8 
Bacteroidetes Sphingobacteriia Sphingobacteriales Chitinophagaceae UA 4.1 
Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter 1.8 
Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter 3.3 
Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae UA 1.3 
Planctomycetes Planctomycetia Pirellulales Pirellulaceae UA 2.2 
Cyanobacteria Oscillatoriophycideae Oscillatoriales Phormidiaceae Phormidium 1.8 
Firmicutes Bacilli Bacillales [Exiguobacteraceae] Exiguobacterium 1.9 
    
Total 63.5 
 
Common OTUs (16) 
     Phylum Class Order Family Genus Species % 
Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter UA 2.0 
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Novosphingobium UA 1.3 
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingopyxis UA 1.0 
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae UA UA 1.1 
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Janthinobacterium lividum 1.3 
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia varians 2.2 
Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia billingiae 1.3 
Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter UA 1.4 
Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas UA 1 3.0 
Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas UA 2 1.8 
Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas UA 3 1.5 
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Flavobacterium UA 3.4 
Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter UA 1.3 
Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter UA 1.8 
Cyanobacteria Oscillatoriophycideae Oscillatoriales Phormidiaceae Phormidium UA 1.7 
Firmicutes Bacilli Bacillales Exiguobacteraceae Exiguobacterium sibiricum 1.8 
     
Total 28.0 
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